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ABSTRACT 
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Reclamation in Arid Land Environments 
by 
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Utah State University, 2019 
 
Major Professor: Dr Paul Grossl 
Department: Plants, Soils, and Climate 
 
 
Plugged and abandoned well pads throughout the Uintah Basin face reclamation 
challenges due a harsh climate, invasive species, and high salt loads. Finding ways to 
alleviate soil sodicity could improve soil reclamation success. Amendments such as 
gypsum, sulfur, activated carbon, and Biochar are being applied to improve soils 
negatively impacted by sodicity, but the direct impact of these amendments on Uintah 
Basin soils is largely unknown. The aim of this study was two-fold. (1)  Evaluate the 
effectiveness of gypsum, sulfuric acid, Biochar, activated carbon, and combinations of 
these amendments in reducing the impact of sodicity of the Desilt and Conglomerate soils 
by measuring amendment impact on percent dispersion, saturated hydraulic conductivity, 
crust bulk density, infiltration, and crust formation. (2) Compare an ImageJ crust bulk 
density method to the clod density method and a modified linear extensibility percent 
iv 
 
   
 
equation to the linear extensibility percent equation for the Desilt and Conglomerate soils 
to assess whether the novel methods can be used to accurately measure and calculate soil 
crust bulk density and shrink swell potential while reducing human error and analysis 
time.  
(1) Evaluate amendment effectiveness. Gypsum increased crust bulk density 
and infiltration caused as gypsum formed within soil pores and is not recommended. 
Biochar had little impact on the soil parameters tested. Sulfuric acid significantly 
improved saturated hydraulic conductivity, infiltration flux, and crust bulk density. Its 
micromorphological profile was starkly different than the control with increased pore 
space and aggregation. Sulfuric acid is recommended for sodic soil reclamation.   
(2) Compare novel methods to their original methods. The ImageJ crust bulk 
density method had low correlation coefficients. Sodic soils have high shrink-swell 
potential which often causes crust curling to occur. This reduced accuracy of the ImageJ 
crust bulk density method, and it is therefore not recommended. The modified linear 
extensibility percent method had correlation coefficients above 0.70 for the Desilt and 
Conglomerate soils. Although accurate, the modified linear extensibility percent method 
was not as efficient as the original method and is not recommended.  
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Plugged and abandoned well pads throughout the Uintah Basin face reclamation 
challenges due to factors including a harsh climate, invasive species, and high salt loads. 
Finding ways to alleviate soil sodicity could improve soil reclamation success. Gypsum, 
sulfur, activated carbon, and Biochar are being applied to improve soil parameters 
negatively impacted by sodicity, but the direct impact of these amendments on Uintah 
Basin soils is still largely unknown. The aim of this study was two-fold. (1)  Evaluate the 
effectiveness of gypsum, sulfuric acid, Biochar, activated carbon, and combinations of 
these amendments in reducing the impact of soil sodicity of the Desilt and Conglomerate 
soils by measuring amendment impact on percent dispersion, saturated hydraulic 
conductivity, crust bulk density, infiltration, and crust formation. (2) Compare a crust 
bulk density method using ImageJ to the clod wax density method and a modified linear 
extensibility percent equation to the linear extensibility percent equation to assess 
whether the novel methods can be used to accurately measure and calculate soil crust 
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CHAPTER 1  
INTRODUCTION 
Uintah Basin Geological History 
The Uintah Basin is an elongated syncline valley basin located in northeast Utah. Large 
lakes in the Paleocene and Eocene epoch led to geological formations dominated by 
lacustrine and fluvial deposits. Freshwater and saline lakes led to layers of shale with 
varying concentrations of salinity. Layers of sandstone, limestone, and shale are common 
throughout the geological timescale. The Uinta Formation, deposited atop the previous 
geological layers, “...contains bitumen in the form of Gilsonite veins” (Murphey et al. 
2017). The Uinta Formation was covered by the Green River Formation. Many of Utah’s 
geological formations are rich in natural resources such as oil shale, tar sands, and natural 
gas (Utah DNR and UGS 2013). Two geological formations, the Carmel and Moenkopi 
formations, are high in gypsum (Sprinkel 2007; Leishman, Fish and Lewish 2003). As the 
formations have eroded over time, Uintah Basin soils have become dominated by 
gypsum. Gypsum within soils ranges from zero to 40% throughout the Uintah Basin. 
Calcium carbonate is around 15% for most Uintah Basin soils as well. The arid climate 
and geologic formations have increased salt concentrations down the soil profile 
(Leishman, Fish and Lewish 2003). 
Uintah Basin Oil and Gas Drilling History 
The Uintah Basin, located in northeast Utah, is rich in natural resources. Oil drilling 




amount of operating drills has fluctuated due to changes in the economy as well as 
improvements in drilling techniques. The Uintah Basin economy is dependant on drilling 
operations, and as fluctuations in oil and gas sales shift, the local economy follows the 
same trajectory. Drills are built on land owned by the Bureau of Land Management 
(BLM), the national forest, wildlife refuges, Native American tribal land, and privately 
owned land. Currently there are over 10,000 active wells producing approximately 2.5 
million bbl of oil and 30 billion cubic feet (Bcf) of gas each month (Utah DNR and UGS 
2013). Drills on federally owned land have required, since the 1970’s, to obtain a drilling 
permit and abide by reclamation standards.  
Reclamation Requirements 
The Uintah Basin has approximately 2,575 plugged and abandoned well pads (BLM 
Vernal Field Office 2012). The Bureau of Land Management (BLM) Green River District 
issues reclamation guidelines for lands managed under its administration. The BLM 
Green River District guidelines involve the development of a reclamation plan (BLM 
Green River District 2011, 1). The long-term goal is to “facilitate eventual ecosystem 
reconstruction by returning the land to a safe, stable, and proper functioning condition”, 
and the short-term goal is to “immediately stabilize disturbed areas and to provide the 
necessary conditions to achieve the long-term goal”. The BLM Surface Operating 
Standards and Guidelines for Oil and Gas Exploration and Development provide 
information on permit and approval requirements prior to oil and gas operations (USDOI 




on federal lands—operations such as exploration, production, and reclamation—are also 
included. According to the standards, reclamation involves, 
“salvaging and reusing all available topsoil…, revegetating disturbed 
areas to native species, controlling erosion, controlling invasive 
nonnative plants and noxious weeds, and monitoring results” (USDOI 
and USDA 2007, 43). 
 
Reclamation is considered successful when a, 
“self-sustaining, vigorous, diverse, native (or otherwise approved) plant 
community is established on the site, with a density sufficient to control 
erosion and non-native plant invasion and to re-establish wildlife habitat 
or forage production” (USDOI and USDA 2007, 43). 
 
Reclamation Challenges in the Uintah Basin 
The nature of soils in the Uintah Basin presents a challenge to successful reclamation of 
plugged and abandoned well pads (Leishman, Fish and Lewish 2003). Soil salinity and 
sodicity are some of the primary factors limiting successful soil reclamation. High 
exchangeable sodium results in dispersion of soil particles and degradation of soil 
structure. The Uintah Basin has low precipitation rates; salts accumulate within the root 
zone that would normally be flushed from the system by adequate water and drainage. 
Accumulated salts increase soil salinity (Richards 1954). Soils with an electrical 
conductivity (EC) greater than 4 dS m-1, a pH less than 8.5, and an exchangeable sodium 
percentage (ESP) less than 15% are classified as saline. Sodic soils have an EC less than 
4 dS m-1, a pH greater than 8.5, and an ESP greater than 15%. Saline-sodic soils have an 
ESP greater than 15%, a pH less than 8.5, and an EC greater than 4 dS m-1. 




breakdown of structure leads to the formation of impermeable soil crusts upon drying that 
cause poor water infiltration and percolation (Ayers and Westcot 1985; James, Hanks and 
Jurinak 1982). To mitigate issues like poor water infiltration and percolation, 
exchangeable sodium needs to be replaced with exchangeable calcium to allow soil 
particles to flocculate and water to infiltrate and percolate through aggregates. The 
replaced (exchanged) sodium and waste salts need to be flushed and drained from the 
system (Ayers and Westcot, 1985; James, Hanks and Jurinak 1982). Bringing water and 
amendments to well pads is often difficult and costly; chemical amendments need to be 
transported to remote sites and water may not be readily available. 
Achieving reclamation success is often hindered by invasive species and shallow 
sodic soils. To enhance later reclamation success, topsoil is removed and stored on-site 
(USDOI and USDA 2007). In Uintah Basin soils this can cause problems to reclamation. 
Soil salts increase down the profile, and as the topsoil is scraped off and later 
redistributed back onto the surface, salts are mixed and brought to the surface (Leishman, 
Fish, and Lewish 2003). Increased sodicity at the surface causes sodic crusts to form, 
reducing plant emergence and establishment. Invasive species–including cheat grass, 
Halogeton, and tumbleweed–make native plant establishment challenging. Sodic soils 
have only increased challenges faced by inhibiting seedling emergence, erosion, 
infiltration, and gas exchange through the formation of sodic crusts. Finding ways to 
alleviate soil sodicity could enhance reclamation success. Commonly gypsum has been 
applied to reduce sodicity; however, adding gypsum to Uintah Basin soils has not proven 




success. Biochar and activated carbon have also often been used in the Uintah Basin to 
increase percent carbon. Although the goal of adding carbon amendments is to aid in 
successful plant establishment, extreme weather conditions and erosion have prevented 
conclusive results on the effectiveness of Biochar and activated carbon.  
The Uintah Basin receives on average 8 inches a year commonly in the form of 
snow (Leishman, Fish, and Lewish 2003). In the late fall short rainstorms are common; 
these often lead to flash floods and surface erosion. Winters are cold (20° F on average) 
and summers are warm and dry (86° F on average). Well pads are often located in remote 
locations which are challenging to travel to and are far from water sources. Land 
managers struggle to find effective ways to manage sodic soils when reclaiming well 
pads; climate, location, and lack of resources often increase reclamation challenges. 
Finding effective amendments that will enhance reclamation efforts by inhibiting sodic 
surface crust development while improving water infiltration, drainage, porosity, 
aggregation, and eventual plant emergence and establishment is necessary.  
Research Objectives 
The goal of this project was to assess the effectiveness of amendment treatments in 
reclaiming sodic soils and to compare novel amendments that could aid in evaluating 
amendment impact on sodic soils. Specific objectives were to: 
1) Evaluate the effectiveness of gypsum, sulfuric acid, Biochar, activated carbon, 
and combinations of these amendments in reducing the impact of soil sodicity of 




dispersion, saturated hydraulic conductivity, crust bulk density, infiltration, and 
crust formation. 
2) Compare a crust bulk density method using ImageJ to the clod wax density 
method and a modified linear extensibility percent equation to the linear 
extensibility percent equation to assess whether the novel methods can be used to 
accurately measure and calculate soil crust bulk density and shrink swell potential 
while reducing human error and analysis time. 
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CHAPTER 2  
Evaluating Amendment Treatment Effectiveness for Sodic Soil 
Reclamation in Arid Land Environments1 
Sodic soils present challenges to reclamation efforts at plugged and abandoned 
well-pads throughout the Uintah Basin in northeast Utah. Gypsum, sulfuric acid, 
Biochar, activated carbon, and combinations of these amendments were analyzed 
to determine which combinations were effective at improving percent dispersion, 
saturated hydraulic conductivity, crust bulk density, and infiltration flux. Two soils 
from the Uintah Basin, the Desilt soil from a desiltation pond high in area clays, 
and the Conglomerate soil, a combination of problem soils on well-pads, were 
tested to find effective amendment combinations at reducing sodicity impact. 
Gypsum is not recommended as it significantly increased crust bulk density and 
decreased infiltration flux; crust bulk density increased from 2.01 to 2.34 grams 
per cm3 in the Desilt soil and from 1.57 to 1.78 grams per cm3. Sulfuric acid is 
recommended; percent dispersion decreased from 24% to 1.9% for the Desilt and 
from 42% to 34% for the Conglomerate soil. Sulfuric acid increased Saturated 
hydraulic conductivity from 0.08 mm per day to 0.17 mm per day in the Desilt soil 
and from 0.12 to 4.25 mm per day in the Conglomerate soil. Infiltration flux 
increased from 328.8 to 3595.2 mm per day in the Conglomerate soil with sulfuric 
acid added. Amendment recommendations to improve sodic effects of Uintah 
Basin soils in descending order of effectiveness are as follows: sulfuric acid, 
sulfuric acid + activated carbon, sulfuric acid + Biochar, Biochar, activated carbon, 
gypsum + Biochar, gypsum + activated carbon, and gypsum. 
Keywords: percent dispersion; saturated hydraulic conductivity; infiltration flux; 
crust bulk density; scanning electron microscope; energy dispersive x-ray 
spectroscope; reclamation; sodicity 
                                                 





The Uintah Basin, located in northeast Utah, is rich in natural resources. Drilling 
operations have been in production since the 1940’s. Reclamation standards, which were 
not established until the 1970’s, require “… eventual ecosystem reconstruction by 
returning the land to a safe, stable, and proper functioning condition” (BLM Green River 
District 2011, 1).  
The Uintah Basin has over 2500 plugged and abandoned well pads (BLM Vernal 
Field Office 2012). Achieving reclamation success is often hindered by invasive species 
and shallow sodic soils. To enhance later reclamation success, topsoil is required to be 
removed and stored on-site (USDOI and USDA 2007). In Uintah Basin soils, removal of 
topsoil can cause problems to reclamation. Soil salts increase down the profile, and as the 
topsoil is scraped off and later redistributed back onto the surface, salts are mixed and 
brought to the surface (Leishman, Fish, and Lewish 2003). Increased sodicity at the 
surface causes sodic crusts to form, reducing plant emergence and establishment. 
Invasive species–including cheat grass, Halogeton, and tumbleweed–make native plant 
establishment challenging.  
Sodic soils have increased challenges faced by inhibiting seedling emergence, 
erosion, infiltration, and gas exchange through the formation of sodic crusts. Finding 
ways to alleviate soil sodicity could enhance reclamation success. Commonly gypsum 
has been applied to reduce sodicity; however, adding gypsum to Uintah Basin soils has 
not proven effective. Uintah Basin soils are gypsiferous which could be hindering 




Uintah Basin to increase percent carbon. Although the goal of adding carbon 
amendments is to aid in successful plant establishment, extreme weather conditions and 
erosion often make measuring success in the field challenging. The Uintah Basin receives 
on average 8 inches a year commonly in the form of snow (Leishman, Fish, and Lewish 
2003). In the late fall short rainstorms are common; these often lead to flash floods and 
surface erosion. Winters are cold (20° F on average) and summers are warm and dry (86° 
F on average) (Leishman, Fish and Lewish 2003). Well pads are often located in remote 
locations which are challenging to travel to and are far from water sources. Land 
managers struggle to find effective ways to manage sodic soils when reclaiming well 
pads; climate, location, and lack of resources often increase reclamation challenges.  
Finding effective amendments that will enhance reclamation efforts by inhibiting 
sodic surface crust development while improving water infiltration, drainage, porosity, 
aggregation, and eventual plant emergence and establishment is necessary. Our goal was 
to see which amendment and soil combinations were effective at reducing the impact of 
sodicity on the Desilt and Conglomerate soils by significantly limiting or enhancing 
dispersion, saturated hydraulic conductivity (Ks), crust bulk density, infiltration flux, and 
crust development. 
Materials and Methods 
Research Soils 
Two saline-sodic test soil substrates were used for this research. The first soil substrate 




BLM wetland development created in 1972 as a habitat for local wildlife and contains 
over 2,500 acres of wetlands (Zalunardo 1979). Land disturbances in the Pariette 
watershed are leading to rapid siltation of the wetland. Siltation limits the capacity of the 
wetland and is leading to water quality degradation. Immediate action calls for dredging 
sediments from the wetland. The dredged sediments have potential use as a substrate in 
the reclamation of abandoned oil and gas well pads. Finding ways to alleviate sodicity of 
the “Desilt” material may result in a premium reclamation material and provide 
management strategies for sodic soil reclamation. The second soil was a soil 
conglomerate created from five problem soils throughout the Uintah Basin. The 
‘Conglomerate’ soil was collected in 2015 from oil pads currently in use. Five separate 
pads with known sodicity issues and with an exchangeable sodium percentage (ESP) 
above 15% were combined to represent sodic soils throughout the Uintah Basin (Table 2-
1). 
Table 2-1: Electrical conductivity (ECe) and pH for each well pad site soil used to create 
the Conglomerate soil. ECe and pH were measured from a soil paste extract using 
deionized water and 200 grams soil.  
Site Number ECe pH 
 mS cm-1  
1 39.34 8.5 
2 25.47 8.3 
3 15 7.8 
4 16.52 7.7 





Prior to analyzing the effectiveness of amendments on the two soils in question, a 
thorough characterization of the soils was conducted (Table 2-2). Both soils were saline-
sodic, and the clay fraction was dominated by montmorillonite clay. The Desilt soil had a 
clay texture and the Conglomerate a sandy-clay loam.  
Table 2-2: Desilt and Conglomerate soil characterization. Soil pH and electrical 
conductivity (ECe) determined from a soil-paste extract using double-deionized water. 
Cation exchange capacity (CEC) determined by flushing exchange sites with NH4+ 
followed by KCl. Texture measured by hydrometer. Exchangeable sodium percentage 
(ESP) calculated after flushing exchange sites with NH4+. Total organic carbon (TOC) 
and inorganic carbon (IC) determined by combustion.  
 Units Conglomerate Desilt 
pH  7.8 7.7 
ECe mS cm-1 15.4 8.9 
CEC cmolc kg-1 13.8 30.5 
Texture  Sandy-clay Loam Clay 
ESP % 22.9 26.0 
TOC % 0.3 0.9 
IC % 0.6 1.7 
Dominant Clay 
  
 Montmorillonite Montmorillonite 
 
Texture was measured using the Hydrometer Method after being shaken overnight 
with sodium hexametaphosphate (ASTM 2017). Although the exchangeable sodium 
percentage (ESP) can be predicted based on sodium adsorption ratios (SAR), ESP was 
determined by dividing the amount of exchangeable sodium (cmolc per kg) by the cation 
exchange capacity (CEC, in cmolc per kg) (Seilsepour, Rashida, and Khabbaz 2009). To 
determine CEC and exchangeable sodium, 2.5 grams of soil were flushed with 
ammonium acetate. The ammonium acetate saturated the exchange sites with NH4+ and 




solution was analyzed using an atomic absorption spectrometer (Varian model xxxx, now 
Agilent) in absorption mode for Ca and Mg and emission mode for Na and K. A solution 
of Cs/La/HNO3 was added as a matrix modifier to prevent ionization of Na and K and 
complexation of Ca and Mg. CEC was determined using methods outlined by Sumner 
and Miller (Sumner and Miller 1996). The 2.5 grams of soil from the previous ESP 
analysis was flushed with KCl after being flushed with NH4+. The NH4+ which was on the 
exchange sites was replaced with potassium, and the CEC was calculated by measuring 
NH4+ present in the KCl using a Lachat Quichem 8500 series 2 (Loveland, Colorado). 
Total organic carbon (TOC) was measured on the SSM–5000A Solid Sample 
Combustion Unit with a TOC-L/TOC-V Lab TOC analyzer and Toc-Control L/V 
software from Shimadzu (Kyoto, Japan). TOC was calculated by subtracting Inorganic 
carbon (IC) from total carbon (TC). TC required 900° C for combustion of carbon. IC 
was determined by measuring CO2 produced after a pre-acidification process (0.5 ml of 
25% phosphoric acid) followed by combustion of the sample at 250° C. 
Clay mineralogy was determined using x-ray diffraction (XRD). Methods used 
for preparing the clay slides before XRD analysis were taken from Milne and Warshaw 
(1956) which were modified for easier transfer of clay filters onto glass slides (Bocá and 
Powelson 2016). The filter slide preparation method allows clays to lay down in layers 
onto the slide, reducing interference in the output results that is present in the powder 
method (Maddix, Raduha, and Butler 2016). 
Prior to preparing slides, clay was separated from the rest of the collected soil 




bottle. Carbonates were removed by adding 100 ml of sodium acetate. After the samples 
sat overnight, they were put in a hot water bath for two hours at 90° C to accelerate 
carbonate off-gassing. The bottle was then centrifuged at 700 G’s after which the 
supernatant was decanted off. The centrifuge process was repeated twice after adding 100 
ml of deionized water to the bottle each time. After the final centrifuge run, 50 ml of 
sodium hexametaphosphate was added to the bottle and the bottle was then shaken 
overnight. The next day sand was sieved out using a 53 µm sieve and the remaining 
solution was poured into a 1-liter graduated cylinder. The solution in the cylinder was 
brought to volume with double deionized water and agitated for one minute. Using 
Stokes’ law, the time it would take for silt to drop out of solution was determined. Clays 
were aspirated out using a vacuum once the time calculated using stokes law was reached 
(around 24 hours). The sodium hexametaphosphate and clay solution was stored in the 
fridge until slide preparation. 
To prepare slides, two 40 ml flasks were filled with 3 ml of MgCl2 and KCl, 
respectively; 40 ml of the clay solution were added to both flasks and shaken to mix. A 
vacuum flask and fritted-glass filter funnel with a 45 µm cellulosic filter (by Suez, 
formerly GE Water and Process Technologies) were connected to a vacuum. Five ml 
from the KCl flask were poured onto the filter until the filter disc was covered in a film of 
clay. The filter was separated from the filter funnel using tweezers and placed on a glass 
slide, clay side down. Steady pressure was applied to the filter disc until the disc had 
dried slightly. A few water drops were added to allow the filter disc to separate from the 




glass slides were prepared for the KCl and the MgCl2 solutions. The Mg-treated slides 
required no further treatment before being analyzed. The K-treated slides were placed in 
an oven at 300° C for two hours prior to analysis. The KCl and MgCl2 slides were 
analyzed by the geology department at Utah State University using an Analytical Xpert-
Pro X-ray Diffractometer (XRD) with a copper anode tube. The step size was 0.020º with 
a 2theta angle from 3º to 35º with 0.5º min-1 rate of measurement. After the first analysis, 
the Mg-treated slides were sprayed with a 1:7 glycol to deionized water mist and dried. 
The K-treated slides were baked at 500° C and re-analyzed using the XRD. 
XRD results from the K-treated slides determined whether the sample in question 
contained kaolinite or illite. The XRD analyzed the d-spacing of clay minerals. D-spacing 
refers to the distance between two adjacent clay layers and does not expand in kaolinite 
clays (Essington 2004). The 300° C K-treated slide should show a 7 Å d-spacing if illite 
or kaolinite is present (Table A-1). If the clays are illite, the 7 Å d-spacing peak should 
disappear in the 500 ° C, but if the clays are kaolinite, the peak should remain (Table A-
2) The Mg-treated slides help differentiate between the various types of swelling clays. If 
swelling clays are present, there should be a 14 to 16 Å d-spacing peak in the first Mg-
treated slide (Table A-3). If the clays are montmorillonite clays, the glycol Mg-treated 
slide should expand the d-spacing to 17 Å (Table A-4). 
Research Amendments 
Gypsum, sulfuric acid, biochar, activated carbon, and combinations of the four 




were calculated from exchangeable sodium percentage (ESP) values. Equation 1 was 
applied to determine the gypsum concentration for the research soils. 
GR = [(CEC * ESPi) - (CEC * ESPf) * 3.85 * 1.25] /40 (1) 
Where GR is the gypsum requirement in grams of gypsum per 100 grams of soil, ESPi is 
the initial ESP of the soil, ESPf is the desired ESP of the soil (10%), 3.85 is the 
conversion of Na to Ca, and 1.25 represents the inefficiencies in replacement of calcium 
by sodium (James, Hanks, and Jurinak 1982). The other values convert kilograms of 
gypsum per hectare to grams of gypsum per 100 grams of soil. Amounts of gypsum 
calculated for the Desilt and Conglomerate soils are listed in Table 2-3. 
Table 2-3: Amendment amounts added to the Desilt and Conglomerate soils determined 
from the gypsum requirement (GR) and the sulfuric acid requirement (SR) 




100 g soil 
ml sulfuric acid/  
100 g soil 
g of Biochar or activated carbon / 
100 g soil 
Desilt 0.56 8.4 2 
Conglomerate 0.17 2.5 2 
 
Other amendments that have been used to prevent issues associated with sodic 
soils include sulfur-based acidifying agents (Richards 1954). Sulfur-based agents acidify 
the soil, dissolving calcium and replacing the sodium within the clay interlayer with the 
calcium. The sulfate ion also reacts with sodium to create a salt that precipitates out and 
can be flushed from the root zone. A sulfuric acid amendment amount was calculated 




SR = (GR * 2000) / 136.141)  (2) 
Where SR is the sulfuric acid requirement in ml of sulfuric acid per 100 grams of soil, 
GR is the gypsum requirement in grams of gypsum per 100 grams of soil, 136.141 
converts GR to mols per gram, 2000 converts mols per gram to ml of sulfuric acid. 
Amounts of sulfuric acid added the Desilt and Conglomerate soils are listed in Table 2-3. 
Organic matter amendments provide structure, increase organic carbon, decrease 
bulk density, lower ESP, and provide other benefits to sodic soils (Yazdanpanah 2013). 
Soil fertility, or the ability of a soil to maintain a sustainable plant ecosystem, usually 
requires more than applying gypsum or other sulfate amendments to a damaged sodic 
soil. Organic matter amendments in combination with gypsum or sulfur amendments 
have been found to be the most effective way of improving soil characteristics in sodic 
soils (Gupta et al. 2016). Organic matter also increases necessary plant nutrients such as 
phosphorus, nitrogen, and potassium (Yazdanpanah et al. 2013). Sodic soils have fewer 
macropores and lower hydraulic conductivity and infiltration than high-fertility soils. An 
incorporation of organic matter provides a natural adhesive that increases aggregate 
formation, improving hydraulic conductivity and infiltration (Gupta et al. 2016). Biochar 
and activated carbon were assessed to determine their potential in improving soil 
parameters impacted by sodic surface crusting.  
Combinations of the Desilt soil, Conglomerate soil, and amendments used in this 
research are listed in Table 2-4. All combinations were tested in triplicate for every 
analysis. Gypsum and sulfuric acid amounts were determined from the exchangeable 




equations (equation 1 and equation 2, respectively). Activated carbon and biochar were 
added at 2% by weight to adequately improve soil quality and discern significant 
differences in the soil. Soil and amendment combinations were mixed by vigorously 
hand-shaking for one minute before being analyzed. 
Table 2-4: Soil and amendment combinations. 
Desilt  Conglomerate 
Control Control 
Gypsum Gypsum 
Gypsum + Biochar Gypsum + Biochar 
Gypsum + Activated Carbon Gypsum + Activated Carbon 
Sulfuric Acid Sulfuric Acid 
Sulfuric Acid + Activated 
 
Sulfuric Acid + Activated 
 
Sulfuric Acid + Biochar Sulfuric Acid + Biochar 
Activated Carbon Activated Carbon 
Biochar Biochar 
Analyses 
Double Hydrometer Test for Percent Dispersion 
The double hydrometer test uses the same preparation methods as the hydrometer test for 
texture (ASTM 2017). The hydrometer test for texture adds sodium-hexametaphosphate 
to soil. Sodium-hexametaphosphate saturates clay exchange sites with sodium, breaking 
apart aggregates and dispersing clays. Dispersion and breakdown of aggregates is 
enhanced as the solution is agitated in a shaker bottle overnight. The double hydrometer 
test assumes that clay exchange sites within a sodic soil are already saturated with 
sodium. It compares the difference between a sample with sodium hexametaphosphate 




and deionized water (shaker bottle B) to determine percent dispersion (Figure 2-1) 
(USDA SCS Engineering Division 1991). 
 
Figure 2-1: Double hydrometer test. The three left graduated cylinders have no sodium 
hexametaphosphate; the right three have been treated with sodium hexametaphosphate. 
All were agitated within ten minutes of each other. Percent difference in the amount of 
clay suspended in solution determined percent dispersivity of the Desilt soil. 
 
Two 250 ml shaker bottles, bottles A and B, were prepared with 50 grams of soil 
for each of the soil-amendment combinations listed in Table 2-4. 25 ml of a 10% sodium-
hexametaphosphate and deionized water solution were added to shaker bottle A with 100 
ml of deionized water. Bottle A was shaken overnight. 100 ml of water was added to the 
second shaker bottle, bottle B, and turned over three times to saturate the soil, but not 
shaken overnight. The next day the slurry from bottles A and B were poured into separate 
one-liter graduated cylinders and deionized water was added until the cylinders were 




fell out of solution over the next 24 hours (Figure 2-1). Using the Hydrometer Particle 
Size Calculator developed and produced by the National Soil Survey Center (NSSC), 
texture and temperature measurements were taken at 0, 0.5, 1, 5, 10, 30, 60, 90, 120, 480, 
and 1440 minutes (Oklahoma Soil Survey 2011).  
The Hydrometer Particle Size Calculator identifies the percent of soil still in 
solution and the effective diameter (in µm) of the largest particle in solution at each time 
point. To calculate percent dispersion, the double hydrometer test uses the percentage of 
particles still in solution with diameters 0.005 mm (5 µm) and smaller calculated using 
equation 3. 
% of particles ≤ 5 µm still in solution = Pa - [(Pa - Pb)*(ED>5 - 5)] (3) 
Where ED>5 is the effective diameter just greater than 5 µm, Pa is the associated 
percentage of particles still in solution when ED>5, and Pb is the next lower percentage 
below Pa of particles still in solution. Raw data from the Hydrometer Particle Size 
Calculator used in equation 3 is listed in Tables A-5 and A-6. 
The calculated percent dispersion was used as a dispersive indicator for the Desilt 
and Conglomerate soils (Knodel 1991). It was also used to determine the impact that the 
amendment combinations (Table 2-4) had on the two soils. Results from equation 3 were 
used in equation 4 to calculate percent dispersion. 
% Dispersion = {[% of particles ≤ 5 µm still in solution (without dispersant)] / 




The Desilt soil was in the non-dispersive range (25% dispersion) likely due to 
high overall CEC. The Conglomerate soil control was rated as having intermediate 
dispersion (42%), which the NRCS classifies as requiring more testing for a full 
understanding of dispersion.  
Hydraulic Conductivity 
The standing column saturated hydraulic conductivity (Ks) test, modified from the NRCS 
method, was chosen to compare amendment impact on the Desilt and Conglomerate soils 
because Ks identifies the amount of water that moves through a given area of soil over a 
given unit of time (NRCS 2003). Dispersion of clays increases the shrink-swell potential 
of soil and decreases the amount of water that can move through the soils. Effective 
amendment and soil combinations would significantly increase the flow of water by 
decreasing dispersion rates and shrink-swell of the Desilt and Conglomerate soils.  
Cylindrical columns were used (5 cm height, 2.5 cm radius) filled with 100 grams 
of the soil-amendment combinations. After the columns were filled with soil each column 
was capped on both ends. The bottom cap had a long thin plastic tube attached. A 
Marriott flask filled with water was attached to the opposite end of the plastic tube and 
placed above the column. A siphon was created, and pressure from the water was forced 
through the soil column. The top cap of the soil column released the water which was 
collected using a graduated cylinder. Once the column outflow reached a constant flow 




soil column. The column area was 19.64 cm2. Flux is influenced by gravitational and 
pressure potentials; equation 5 converted flux to Ks to adjust for these potentials.  
Ks = [-Jw * (Δz / ΔΨh)] * 10  (5) 
Where KS is saturated hydraulic conductivity in mm per day, JW is hydraulic flux in cm 
per day calculated from the constant rate of outflow divided by column area, z is the 
height of the soil column in cm, Ψℎ, or hydraulic potential, is the height from the 
bubbling point of the water column to the input into the soil column in cm. Raw data is 
listed in Tables A-7 and A-8. 
Surface Crusts and Density 
Soils were crushed and processed using the soil and amendment combinations listed in 
Table 2-4 above. All soil and amendment combinations were processed in triplicate. The 
soil and amendment combinations were mixed by shaking for 1 minute before adding 
deionized water until a soil paste was formed. The soil, amendment, and water slurry was 
poured into black plastic boxes (4”x4”x2”) and allowed to dry down at room temperature 
(23° C ± 2° C). The crusts that were created represented the short-term amendment 
impact on lab crust formation. Initial impact of amendments is often different than long-
term impact. Comparison of long-term impact was done by drying down the soils from 
the Ks columns after a constant outflow water flux was reached. 
Once crusts had completely dried (determined by weight) crust bulk density was 




area of crust images obtained from lab-formed crusts. Images were taken from the surface 
of the soil and amendment crusts after they had completely dried down. A Sony DSC-
W310 with a 12.1-megapixel resolution digital camera was used to take images and the 
flash was used to achieve consistency in lighting. We used a ruler in each image as a unit 
reference. The weight and height, in cm, were measured as well. The weight and height 
measurements, along with surface area obtained using ImageJ, were used to calculate 
density. Raw data is listed in Table A-11 and A-12. Density was calculated using 
equation 6. 
Density = [(Msc – Mc) / VIJ]  (6)  
Where Msc is the mass of the soil and amendment combination with the container. Mc is 
the weight of the container when empty; the container weight was between 12.5 to 13 
grams. VIJ is the surface area of the soil crust calculated from ImageJ data using equation 
7. 
VIJ = AIJ * CH  (7) 
Where VIJ is volume in cm3, AIJ is the crust area calculated from ImageJ in cm2, and CH 
is the crust height in cm. Raw data is listed in Tables A-9 to A-12. 
Infiltration Flux 
The modified trickle irrigation method was used to study infiltration flux into sodic crusts 
(Li, González, and Solé-Benet 2004). This method was modified from Bioffin and 




flux for the method. Sections of lab-formed crust were used in place of field crusts. The 
sections were wetted by placing them on top of saturated sand for 24 hours to reduce 
matric potential influences. Crusts were nearly saturated after the 24-hour period. Using a 
needle and a peristaltic pump, water was released at a rate of 20 ml hr-1 onto the clay 
crust. Li et al. (2004) stated that discharge rates should be kept between 5 and 100 ml hr-1 
depending on the type of soil. A preliminary analysis was done to determine an optimal 
rate of discharge that inhibited surface ponding without oversaturation or erosion within 
the hour timeframe used. A Masterflex L/S 8-channel, 4-roller cartridge pump system by 
Cole-Parmer was used to achieve a constant steady discharge rate onto the soil crusts 
(Vernon Hills, IL, USA). After the size of the water patch no longer continued growing 
outward, a Sony DSC-W310 with a 12.1-megapixel resolution digital camera was used to 
take images and the flash was used to achieve consistency in lighting. A cm scale in each 
image was used to determine the diameter of the saturated surface. The area was 
measured using ImageJ (Schneider, Rasband, Eliceiri 2012). The hand-tracing tool was 
used to trace the outermost edge of the shiny saturated surface. Referencing the cm scale 
to convert pixel size in cm, ImageJ software calculated and output the area. Infiltration 
flux was calculated using equation 8. 
q = (Q / A) * 240  (8) 
Where q is infiltration flux (in mm per day), Q is the soil flux (discharge rate, 20 ml per 
hour), and A is the area on top of the crust (in cm2) that was saturated by the water 




rates and can be integrated at these rates to determine a more accurate estimation of the 
infiltration rate (Li, González, and Solé-Benet 2004). Only one measurement was taken 
for each replicate for our study to determine infiltration flux for each soil and amendment 
combination. Raw data is listed in Table A-13 and A-14. 
Scanning Electron Microscope and Energy Dispersive X-ray Spectroscope 
Scanning electron microscopes have been used to determine clay mineralogy and 
dispersion of soils (Lado, Paz, and Ben-Hur 2004; Valesco 2013). Scanning Electron 
Microscopes (SEM) take high-resolution images of the sample surface using a high-
energy electron beam (Shen 2015). Samples are kept under high vacuum (below 5*10-5 
Torr) to prevent surface charging. Electrons emitted from the sample surface are detected 
by the SEM and converted to an image using software. The SEM can produce images 
approximately 5 nm in size and larger. This research used the SEM to take high-
resolution images of the surface and side of lab-formed crusts. Micromorphological 
features present in crusts were compared across amendment types to visually distinguish 
amendment impact.  
The two controls as well as five soil and amendment combinations were chosen to 
be analyzed using SEM/EDS (Table 2-5). The five combinations were chosen because 
the crust bulk density results were statistically better or worse than the controls. Prior to 
analysis using SEM, preparations were made by taking a thin slice from both the surface 
and side of the crust approximately 1 mm thick and 5 mm wide. The surface and side 




nm coating. The coating was done by the Microscopy Core Facility with an EMS-150T 
ES Plus Turbomolecular Pumped Coater made by Electron Microscopy Sciences 
(Hatfield, Pennsylvania). Coating samples in a conductive layer allowed them to be 
analyzed at a higher vacuum which enhanced image output by reducing charging and 
thermal damage. 
Table 2-5: Crusts analyzed using a scanning electron microscope and electron dispersive 
x-ray spectroscope (SEM/EDS) to compare visual micromorphological differences in the 
profile along with any chemical differences in crystals formed on the surface to the Desilt 
and Conglomerate Control crusts. 
Crusts Chosen to be Analyzed using SEM/EDS 
Conglomerate Control 
Desilt Control 
Gypsum + Desilt 
Biochar + Desilt 
Sulfuric Acid + Desilt 
Sulfuric Acid + Conglomerate 
Gypsum + Biochar + Conglomerate 
 
A montage of each sample was created using the FEI Quanta FEG 650, a field-
emission scanning electron microscope (SEM) produced by ThermoFisher Scientific 
(Hillsboro, Oregon), using the high vacuum mode and the Oxford Aztec version 3.3 
software program. Over 100 images 700 µm by 450 µm were taken of the entire crust ped 
side and surface (magnified 300x) and the software meshed the images together to create 
a high-resolution montage image. The montages were analyzed and compared visually 




density differences across the soil and amendment combinations. We acknowledge the 
support from the Microscopy Core Facility at Utah State University for the SEM results. 
An energy dispersive x-ray spectrometer (EDS) was then used to further analyze 
the elements on the crust surface. EDS is an attachable detector that can be added to the 
SEM (Shen 2015). All elements, when bombarded with the SEM electron beam, emit a 
unique x-ray signal (Valesco 2013). The EDS detects the unique x-ray signals, and a 
surface map showing where each element is located as well as the density of the elements 
on the sample surface is produced using the Oxford Aztec version 3.3 software program. 
The element map output was used to identify crystals and salts (especially sodium) that 
were present on the soil crusts. We acknowledge the support from the Microscopy Core 
Facility at Utah State University for the EDS results. The EDS images were compared 
across amendment types within a soil to understand chemical impact of the amendments 
on the soils. 
Statistical Analysis 
We used SAS GLM procedure modeling for this study; Density Tukey Grouping for 
Least Square Means test was applied to the double hydrometer, saturated hydraulic 
conductivity (Ks), infiltration flux, and crust bulk density results for the Desilt and 
Conglomerate soils. The Tukey’s range test compared treatment means to identify which, 
if any, treatments were significantly different than the control and was chosen for its 
simple and accurate (if assumptions are met) identification of significant treatments (SAS 





Results and Discussion 
Soil sodicity results in the dispersion of clay particles which leads to breakdown of soil 
structure, reduced pore space, saturated hydraulic conductivity (Ks), infiltration flux, and 
drainage, while increasing crust formation and density. This inhibits native plant 
establishment success. Our goal was to see which amendment and soil combinations 
(listed in Table 2-4) were effective at reducing the impact of sodicity on the Desilt and 
Conglomerate soils by limiting or enhancing dispersion, saturated hydraulic conductivity 
(Ks), crust bulk density, infiltration flux, and crust development.  
All amendment and Desilt soil combinations had significantly lower rates of 
dispersion compared to the Desilt control; no amendment and soil combinations were 
significant compared to the Conglomerate control (Table 2-6). However, activated carbon 
increased percent dispersion to 46% for the Conglomerate soil, while sulfuric acid 
decreased dispersion to 34% when compared to the Conglomerate control percent 





Table 2-6: Results from the percent dispersion and Ks analyses for the Desilt and 
Conglomerate soils. Percent dispersion was calculated using the double hydrometer 
method. Ks was measured using the standing column method. All tests were processed in 




Dispersion SD** Ks* SD 
  %  % mm/day mm/day 
Control Desilt 24.55 3.87 0.08 0.01 Conglomerate 42.63 1.36 0.12 0.01 
Gypsum Desilt 2.56 0.509 0.11 0.00 Conglomerate 42.71 1.381 0.15 0.09 
Gypsum + 
Biochar 
Desilt 3.78 0.83 0.11 0.00 




Desilt 3.05 0.029 0.15 0.01 
Conglomerate 41.12 3.533 0.08 0.05 
Sulfuric Acid Desilt 1.9 0.91 0.17 0.035 Conglomerate 34.53 1.70 4.25 1.34 
Sulfuric Acid + 
Biochar 
Desilt 1.39 0.02 0.14 0.02 
Conglomerate 42.63 2.273 0.15 0.02 
Sulfuric Acid + 
Activated 
 
Desilt 1.09 0.26 0.2 0.049 
Conglomerate 47.34 4.42 1.47 1.138 
Biochar Desilt 1.76 1.716 0.15 0.02 Conglomerate 42.94 2.673 0.09 0.01 
Activated 
Carbon 
Desilt 19.43 3.55 0.11 0.02 
Conglomerate 46.36 2.34 0.08 0.25 





**Standard deviation (SD)  
 
Saturated hydraulic conductivity (Ks) was used to measure saturated flow through 
the Desilt and Conglomerate soils. Of the amendment combinations added, sulfuric acid 
and the combination of sulfuric acid and biochar significantly improved Ks in both soils. 
In the Desilt soil, Ks increased from 0.08 mm per day to 0.17 mm per day when sulfuric 
acid was added. When sulfuric acid was combined with activated carbon, Ks increased to 




day to 4.25 mm per day, the greatest increase out of all the amendment combinations. 
The combination of sulfuric acid and activated carbon increased Conglomerate soil Ks to 
1.47 mm per day. Biochar and the combination of gypsum and activated carbon 
significantly increased Ks from 0.08 mm per day to 0.15 mm per day in the Desilt soil 
but not the Conglomerate soil. This is likely due to the higher percentage of clay in the 
Desilt soil (67% clay). Overall, the most effective amendment at increasing Ks in both 
the Desilt and Conglomerate soils was sulfuric acid. 
Soil dispersion also causes dense surface crusts to form which inhibit plant 
growth and increase erosion. Gypsum increased the Desilt soil crust bulk density from 
2.26 grams per cm3 to 2.3 grams per cm3. Gypsum was the only amendment to not 
significantly change the crust bulk density. All other amendment combinations had 
significantly lower crust bulk densities than the control. The crust bulk densities ranged 
from 1.85 to 2.03 grams per cm3 for all other amendments (Table 2-7). The combination 
of gypsum and Biochar and gypsum and activated carbon in the Conglomerate soil were 
the only other amendment combination that was significantly different than the 
Conglomerate control. Crust bulk density was decreased from 1.57 grams per cm3 for the 
control to 1.40 grams per cm3 for the combination of gypsum and Biochar and 1.38 
grams per cm3 for the combination of gypsum and activated carbon (Table 2-7). After 
both the Desilt and Conglomerate soil and amendment combinations had reached steady-
state Ks in the standing column, they were dried down and developed into lab-formed 
crusts and analyzed for crust bulk density. Gypsum had increased bulk density for both 




from 2.01 grams per cm3 to 2.34 grams per cm3 and the Conglomerate soil crust bulk 
density from 1.57 grams per cm3 to 1.78 grams per cm3. Due to the high concentration of 
calcium in both soils, the gypsum most likely precipitated within soil pores, causing an 
increase in density for both soils. All other amendment and soil combinations showed no 





Table 2-7: Results from the crust bulk density analysis for the Desilt and Conglomerate 
pre and post saturated hydraulic conductivity (Ks). All tests were processed in triplicate 
and means are listed here. Red-shaded results indicate results that were significantly 
worse than the control. Green-shaded results indicate results that were significantly better 





































































  g/ cm3 g/ cm3 g/ cm3 g/ cm3 
Control Desilt 2.26 0.04 2.01 0.07 Conglomerate 1.57 0.08 N/A** N/A 
Gypsum Desilt 2.3 0.021 2.34 0.003 Conglomerate 1.54 0.014 1.78 0.024 
Gypsum + 
Biochar 
Desilt 1.9 0.03 1.98 0.04 




Desilt 1.93 0.079 2.07 0.044 
Conglomerate 1.38 0.104 1.46 0.176 
Sulfuric 
Acid 
Desilt 2.03 0.10 2.09 0.12 




Desilt 1.89 0.090 2.07 0.107 





Desilt 2 0.01 2 0.05 
Conglomerate 1.46 0.06 1.41 0.08 
Biochar Desilt 1.9 0.056 1.86 0.127 Conglomerate 1.55 0.021 1.54 0.046 
Activated 
Carbon 
Desilt 1.85 0.07 2.06 0.14 
Conglomerate 1.6 0.11 1.61  0.09 








Infiltration is inhibited as clay seals form on the surface of soils, limiting further 
infiltration as soils swell. Lab-formed Conglomerate crusts created for crust bulk density 
analysis were used to determine infiltration flux. Gypsum significantly decreased 
infiltration flux from 636 mm per day to 328 mm per day. Biochar also significantly 
decreased infiltration flux to 403.2 mm per day. Crusts formed post-Ks analyses were 
also measured for infiltration flux. Sulfuric acid in combination with activated carbon 





Table 2-8: Results from the infiltration flux analysis for the Desilt and Conglomerate pre 
and post saturated hydraulic conductivity (Ks). All tests were processed in triplicate and 
means are listed here. Red-shaded results indicate results that were significantly worse 
than the control. Green-shaded results indicate results that were significantly better than 







































































  mm/day mm/day mm/day mm/day 
Control Desilt N/A** N/A N/A N/A 
Conglomerate 63.576 
 
0.5904 N/A* N/A 
Gypsum Desilt N/A N/A N/A N/A 
Conglomerate 328.8 3.535 292.8 0.4926 
Gypsum + Biochar Desilt N/A N/A N/A N/A 
Conglomerate 789.6 0.64 432 0.9096 
Gypsum + 
Activated Carbon 
Desilt N/A N/A N/A N/A 
Conglomerate 554.4 1.1699 592.8 1.2259 
Sulfuric Acid Desilt N/A N/A N/A N/A 
Conglomerate 590.4 0.9825 988.8 1.0372 
Sulfuric Acid + 
Biochar 
Desilt N/A N/A N/A N/A 
Conglomerate 506.4 1.1841 499.2 1.4661 
Sulfuric Acid + 
Activated Carbon 
Desilt N/A N/A N/A N/A 
Conglomerate 727.2 0.0726 3595.2 0.3033 
Biochar Desilt N/A N/A N/A N/A 
Conglomerate 403.2 3.5514 432 1.5479 
Activated Carbon Desilt N/A N/A N/A N/A 
Conglomerate 652.8 0.7916 1197.6 0.747 
* Conglomerate control crust post-Ks had excessive shrink-swell and was not able to be 
analyzed for crust bulk density. The conglomerate control pre-Ks was used as a 
reference. 
**Desilt crust peds shattered during the preparation steps and were not able to be 





Gypsum, although often quite effective at removing sodium from solution in sodic 
soils, only increased problems with sodicity in the Desilt and Conglomerate soils. 
Gypsum increased crust bulk density for both the Desilt and Conglomerate soils and 
increased infiltration flux in the short-term Conglomerate crust. Comparing the gypsum 
scanning electron microscope (SEM) Desilt montage image to the Desilt control image, 
there was visible evidence of why infiltration flux and density of the gypsum amended 
soils were worse than the controls. The gypsum crusts had fewer pores, less pore 
distribution throughout the profile, less variation in pore size, and increased visual 
density of clays within the profile compared to the control (Figure 2-2). The surfaces of 
both controls and the gypsum crusts also had excessive crystals forming on the surface 
(Figure 2-3). When analyzed using energy dispersive x-ray spectroscope (EDS) the 
crystals were determined to be gypsum (Figure 2-4). Uintah Basin soils are gypsiferous; 
when gypsum is added, the solubility product (Ksp) was exceeded and gypsum formed 





Figure 2-2 (a): Gypsum + Desilt soil crust side montage of 129 images 700 µm by 450 
µm and (b): Desilt soil control crust side montage of 123 images 700 µm by 450 µm. 
Both were taken with the FEI Quanta FEG 650, a field-emission scanning electron 
microscope (SEM), using the high vacuum mode and the Oxford Aztec version 3.3 
software program. Crust surfaces at the top of the image. Gypsum increased problems 
with sodicity by reducing infiltration flux while increasing crust bulk density which can 
be explained in part by crust formation. The gypsum crust (a) had reduced pore size 
distribution, visible in the presence of only small micropores (darker hole-looking spots 
throughout profile). The Desilt control crust (b) had a greater pore distribution with the 
presence of small and medium micropores. The gypsum amendment Desilt crust was 






Figure 2-3 (a) Desilt soil control crust surface montage of 77 images 700 µm by 450 µm 
taken with the FEI Quanta FEG 650, a field-emission scanning electron microscope 
(SEM), using the high vacuum mode and the Oxford Aztec version 3.3 software program 
and (b): Gypsum + Desilt soil crust surface montage of 54 images 700 µm by 450 µm 
taken with the FEI Quanta FEG 650, a field-emission scanning electron microscope 
(SEM), using the high vacuum mode and the Oxford Aztec version 3.3 software program. 
The Desilt montage (b) had a flaky breaking edge with micropores and aggregates 
indicated by increased contrast between soil particles and spacing (on the right edge of 
the crust surface). The gypsum breaking edge, at the bottom right hand corner of the 
crust, had less flaking and is densely layered. This is indicative of increased dispersion 
and bulk density in the gypsum crust. The surface of the control crust had flakiness 
diversified across the surface while the gypsum crust had a very flat, dense surface with 
crystals (little bumps) visible on the surface. These visual indicators explain the results 







Both carbon amendments–biochar and activated carbon–had very little impact on 
the effects of sodicity in the Desilt and Conglomerate soils. Activated carbon did not 
significantly improve Ks, short or long-term infiltration flux or long-term crust bulk 
density for either soils. Biochar had significantly better Ks for the Desilt soil. It had a 
significantly worse short-term infiltration flux, however, for the Conglomerate soil (by 
about a 1 cm/hour decrease). The SEM micromorphological profile had very large pores 
at the bottom but lacked the medium and small pores present in the control (Figure 2-5). 
Biochar segments, when analyzed using SEM, were usually associated with a micro-
aggregate of soil surrounded by a pore (Figure 2-6). This indicates that biochar did 
increase micro-porosity, but not on a level that contributed to improved soil parameters. 
These results indicate that biochar and activated carbon, when used individually as 
amendments, do not have a significant impact on improving reclamation efforts. 
Figure 2-4 (a): EDS layered image Conglomerate control surface ped and (b): EDS 
elemental spectrum graph for the Conglomerate control surface ped. Both images were 
taken with the FEI Quanta FEG 650, a field-emission scanning electron microscope 
(SEM), using the high vacuum mode, and an Oxford Energy Dispersive X-ray 
Spectrometer (EDS) with X-Max Detector and the Oxford Aztec version 3.3 software 
program. These images show gypsum (CaSO4· 2H2O) present on the surface of the 







Figure 2-5 (a): Biochar + Desilt soil crust side montage of 129 images 700 µm by 450 
µm and (b): Desilt soil control crust side montage of 123 images 700 µm by 450 µm. 
Both were taken with the FEI Quanta FEG 650, a field-emission scanning electron 
microscope (SEM), using the high vacuum mode and the Oxford Aztec version 3.3 
software program. Crust surfaces at the top. Biochar increased Ks in the Desilt soil while 
it decreased short-term infiltration flux in the Conglomerate soil. The Biochar Desilt crust 
(a) had large micropores at the bottom of the crust profile indicated by darker caved-in 
sections yet lacked medium and small pores. The Desilt control crust (b) had a greater 
pore distribution with the presence of small and medium micropores visualized as dark 
small and medium spots throughout the profile. Although crust formation in the Biochar 
crust was different than the Desilt control, it did not significantly improve soil parameters 







Figure 2-6: Biochar (with vertical lines located within the center aggregate in this image) 
associated with aggregate and surrounded by a pore. This was common throughout the 
Biochar crust. Although the increased micro-porosity indicated that Biochar did have 
some effect on sodicity, it did not significantly impact crust formation, infiltration flux, 
and crust bulk density. 
 
 Biochar and gypsum alone did not reduce the impact of sodicity for the Desilt 
and Conglomerate soils. Interestingly, the combination of gypsum and Biochar together 
did significantly improve short-term infiltration flux in the Conglomerate crust from 2.65 
cm*hr-1 to 3.29 cm*hr-1 (the only amendment combination that significantly improved 
infiltration flux). It also decreased short-term crust bulk densities by approximately 0.2 g 
per cm3 in both soils. The long-term crust bulk densities were lower than the controls for 




statistically significant. The SEM surface montage had less surface crystal formation 
while looking flakier and less dense than the control (Figure 2-7). The side gypsum + 
Biochar montage had much less pore distribution at the top of the crust than the control. 
However, the crust had increased pore space and aggregate distribution throughout the 
rest of the profile (Figure 2-8). Salts on the surface of the gypsum + Biochar crust were a 
sulfur-sodic salt, thenardite, in combination with carbon, indicating that the synergistic 
impact of gypsum and Biochar was pulling sodium from solution and depositing out a 
salt, improving soil parameters and decreasing the impact of sodicity (Figure 2-9). 
However, optimal ratios of gypsum and biochar to soil were not determined. Due to 
potential of adverse effects from ineffective ratios, further testing is necessary before 





Figure 2-7 (a): Gypsum + Biochar Conglomerate soil control crust surface montage of 89 
images 700 µm by 450 µm and (b): Conglomerate control soil crust surface montage of 
110 images 700 µm by 450 µm. Both images taken with the FEI Quanta FEG 650, a 
field-emission scanning electron microscope (SEM), using the high vacuum mode and 
the Oxford Aztec version 3.3 software program. The gypsum + Biochar crust (a) had 
reduced crystal formation than the Conglomerate control. The raised bumps on the 
surface are predominately crystals on the conglomerate. The gypsum and Biochar 
amendment combination was also visually less compact than the control indicated by 
increased porosity and micro-aggregation visible as increased dark and light contrasting 








Figure 2-8 (a): Gypsum + Biochar + Conglomerate soil crust side montage of 99 images 
700 µm by 450 µm and (b): Conglomerate soil control crust side montage of 194 images 
700 µm by 450 µm. Both were taken with the FEI Quanta FEG 650, a field-emission 
scanning electron microscope (SEM), using the high vacuum mode and the Oxford Aztec 
version 3.3 software program. Infiltration flux and crust bulk densities were improved 
with the gypsum and Biochar amendment crust (a). This could be explained in part by 
increased large pore space visible here as dark valley-looking valley sections. 
Aggregation was also increased visible as cemented looking sections visible throughout 
image (a). The conglomerate control is uniform throughout (a), looking less diversified 






Sulfuric acid alone and in combination with the carbon amendments significantly 
improved Ks, long-term crust infiltration flux, and short-term crust bulk density. The 
SEM surface and side sulfuric acid montages show stark differences from the controls. 
The sulfuric acid images were much flakier, had increased pore space and aggregation, 
and appeared much less dense than the controls (Figure 2-10, 2-11, and 2-12). Crystals 
deposited on the surface and throughout the crust sides were a sulfur-sodic salt 
(thenardite) indicating the effectiveness of sulfuric acid as an amendment (Figure 2-13).  
Figure 2-9 (a): EDS Layered Image gypsum + Biochar Conglomerate Ped. (b): EDS 
Elemental Spectrum Graph for gypsum + Biochar Conglomerate Ped. Images taken with 
the FEI Quanta FEG 650, a field-emission scanning electron microscope (SEM), using 
the high vacuum mode, an Oxford Energy Dispersive X-ray Spectrometer (EDS) with X-
Max Detector and the Oxford Aztec version 3.3 software program. This salt (most likely 
thenardite) formed as a crystal on the crust. This salt was only deposited with carbon in 










Figure 2-10 (a): Sulfuric acid + Desilt soil crust side montage of 149 images 700 µm by 
450 µm and (b): Desilt soil control crust side montage of 123 images 700 µm by 450 µm. 
Both were taken with the FEI Quanta FEG 650, a field-emission scanning electron 
microscope (SEM), using the high vacuum mode and the Oxford Aztec version 3.3 
software program. Crust surfaces at the top. Increased aggregation (visible in image (a) as 
light clumps of soil) and porosity (large dark valleys). Increased contrast visible in image 
(a) also indicates increased porosity and decreased dispersion. The differences visible in 
the sulfuric acid amendment crust indicate that sulfuric acid improves soil quality by 









Figure 2-11 (a): Sulfuric acid + Desilt soil control crust surface montage of 90 images 
700 µm by 450 µm and (b): Desilt control soil crust surface montage of 77 images 
700 µm by 450 µm. Both images taken with the FEI Quanta FEG 650, a field-
emission scanning electron microscope (SEM), using the high vacuum mode and the 
Oxford Aztec version 3.3 software program. Sulfuric acid improved percent 
dispersion and saturated hydraulic conductivity rates while decreasing crust bulk 
density and increasing infiltration flux. This can be explained in part by the surface 
crust images. The sulfuric acid Conglomerate surface (a) had increased aggregation 








Figure 2-12 (a): Sulfuric acid + Conglomerate soil control crust surface montage of 139 
images 700 µm by 450 µm and (b): Conglomerate control soil crust surface montage of 
110 images 700 µm by 450 µm. Both images taken with the FEI Quanta FEG 650, a 
field-emission scanning electron microscope (SEM), using the high vacuum mode and 
the Oxford Aztec version 3.3 software program. The sulfuric acid crust (a) had reduced 
crystal formation with significant separation of soil particles visible in the lifting, 
clumping, and increased contrast in the sulfuric acid The stark difference between the 
sulfuric acid crust compared to the Conglomerate control correlates with the increased Ks 






The double hydrometer test, although considered to be the most reliable, was not 
as useful for determining specific effective amendments for the Desilt and Conglomerate 
soil (Wei et al. 2015). Had the double hydrometer test been the only indicator of the 
impact that amendments had in decreasing percent dispersion in the Desilt and 
Conglomerate soils, other tests would have been required to evaluate amendment 
combinations that reduced percent dispersion. However, because dispersion rates 
influence infiltration flux, Ks, and crust bulk density, other tests to analyze amendment 
impact on dispersivity were not applied. 
(a) (b) 
Figure 2-13 (a): EDS layered image sulfuric acid + Conglomerate ped. (b): EDS 
elemental spectrum graph for sulfuric acid + Conglomerate ped. Images taken with the 
FEI Quanta FEG 650, a field-emission scanning electron microscope (SEM), using the 
high vacuum mode, an Oxford Energy Dispersive X-ray Spectrometer (EDS) with X-
Max Detector and the Oxford Aztec version 3.3 software program. Figure (a) shown is a 
sodium-sulfur salt (thenardite) formed as a crystal on the crust of the Conglomerate Ped, 
indicating that sulfuric acid acidified gypsum allowing calcium to exchange with sodium 




 The Modified Trickle Irrigation Method, which was used to measure infiltration 
flux presented challenges to analyzing amendment effectiveness (Li, González, and Solé-
Benet 2004). During the saturation step the Desilt crust peds shattered (Figure 2-14). This 
is likely due to the high clay content (67%) which expanded the crusts, forcing them to 
break apart. This left crust segments too small to analyze using this method. The 
Conglomerate short-term and long-term crusts (except the long-term control) were able to 
be analyzed using this method. The long-term control had excessive shrink-swell which 
caused the break up into crusts too small to be analyzed (Figure 2-15). The short-term 
control was used in place of the long-term control for statistical analysis.  
Figure 2-14: Desilt ped which shattered during saturation step prior to analyzing 







Gypsum, when added to the gypsiferous soils analyzed, caused the ion activity of gypsum 
to excel the solubility product (Ksp) resulting in the formation of gypsum within soil 
pores and increasing problems associated with sodic soils (Richards 1954). Gypsum 
enhanced crust development and is, therefore, not recommended. The organic 
amendments, both Biochar and activated carbon, had little effect, positive or negative, on 
reducing the impact of sodicity. Effective rates of gypsum in combination with Biochar 
were not identified specifically in this research and, where gypsum alone had such 
adverse effects on the sodic soils analyzed, further testing is suggested before this 
amendment combination can be recommended. Amendment recommendations to 
Figure 2-15: Conglomerate long-term crust. Excessive shrink-swell curling prohibited 





improve sodic effects of Uintah Basin soils in descending order of effectiveness are as 
follows: sulfuric acid, sulfuric acid + activated carbon, sulfuric acid + Biochar, Biochar, 
activated carbon, gypsum + Biochar, gypsum + activated carbon, and gypsum.  
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CHAPTER 3  
Assessing ImageJ Effectiveness at Improving Efficiency and Accuracy 
of Crust Bulk Density and Linear Extensibility Percentage Analyses for 
Saline-Sodic Soil Crusts  
Saline-sodic soils form dense surface crusts upon drying. Crust bulk density and 
linear extensibility percent analyses have been used to measure the impact saline-
sodic crusts have on soil use. These methods are effective yet antiquated. 
Application of image processing software could improve these methods by 
reducing analysis time while reducing human error. The aim of this study was to 
compare the clod wax density method to an ImageJ crust bulk density method and 
to also compare the linear extensibility percent equation to a modified linear 
extensibility percent equation. Two Uintah Basin soils, the Conglomerate and 
Desilt, represented saline-sodic soils. ImageJ, an open-source software, was used 
to calculate surface area of the crusts, and this area was used to calculate crust bulk 
density and linear extensibility percent. Comparing the clod method and our 
ImageJ method to measure crust bulk density, the Desilt crust bulk density 
correlation coefficient was 0.805 and the Conglomerate crust bulk density 
correlation coefficient was 0.315. We measured the linear extensibility percent at 
field capacity and permanent wilting point. At field capacity the Desilt crust linear 
extensibility percent correlation coefficient was 0.964 and the Conglomerate 
correlation coefficient was 0.782. At permanent wilting point the Desilt correlation 
coefficient was 0.906 and the Conglomerate correlation coefficient was 0.782. Our 
ImageJ crust bulk density method was not accurate enough to recommend without 
further modifications. Our modified linear extensibility percent equation was more 
accurate; however, the original method was simpler and therefore our modified 
linear extensibility percent method is not recommended. 
Keywords: ImageJ; image processing; saline-sodic crusts; crust bulk density; 





Saline-sodic soil infiltration is hindered as clay aggregates break down and form surface 
seals. Clay aggregate breakdown in saline-sodic soils is driven by clay dispersion. 
Dispersed clays stay in solution longer than sands and silts, and a surface seal dominated 
by dispersed clays forms on the surface. Saline-sodic surface seals form into dense crusts 
as they dry; these crusts have decreased saturated hydraulic conductivity, gas exchange, 
and plant emergence (Oster et al. 1999). Surface crusts analyses are limited and dated. 
For example, ped density, which aids in predicting infiltration flux and plant emergence 
capabilities, is commonly analyzed by the clod method, which coats peds in a resin or 
wax, preventing further analysis (Klute 1965). Shrink-swell potential of soils, especially 
in commercial settings, often uses the linear extensibility percent (LEP) method (USDA 
and NRCS 2005). This method is effective but dated considering recent technological 
advances and could be simplified and enhanced by applying image manipulation 
techniques. 
Image manipulation techniques that analyze soils are available. For example, 3-D 
x-ray imaging of soil cores is a non-invasive and effective way to analyze porosity, root 
systems, and soil structure (Koestel, 2018). Another technique uses images to create a 3-
D model of a soil ped to determine density and use this data to create soil shrinkage 
curves (Stewart et al. 2012). Although these methods effectively measure and calculate 
different soil parameters, they can be challenging to learn for land managers with limited 
computer software knowledge and limited resources to access education in computer 




open source software, that simplify saline-sodic crust bulk density and shrink-swell 
potential analyses. 
The objectives of this study were to: 
(1) Assess the potential use of a crust bulk density calculation using ImageJ to measure 
surface area of soil crusts in place of the clod wax density method in accurately 
measuring the crust bulk density of lab-formed saline-sodic crusts, and 
(2) Asses the potential use of a modified linear extensibility percent equation in place of 
the linear extensibility percent equation in accurately calculating the shrink-swell class of 
lab-formed saline-sodic crusts. 
Materials and Methods 
Research Soils 
Two saline-sodic soil substrates from the Uintah Basin in northeast Utah were used for 
this research. The first soil substrate, a desilt sediment collected from a Pariette Wetland 
pond in the Uintah Basin, was called the ‘Desilt’ soil. The second soil was a soil 
conglomerate created from five problem soils throughout the Uintah Basin which we 
referred to as the ‘Conglomerate’ soil. The Conglomerate soil was collected in 2015 from 
oil pads currently in use. Five separate pads with known sodicity issues and with an 
exchangeable sodium percentage (ESP) above 15% were combined to represent sodic 





Table 3-1: Electrical conductivity (ECe) and pH from each well pad site soil used to 
create the Conglomerate soil. ECe and pH were measured from a soil paste extract using 
deionized water and 200 grams soil.  
Site Number ECe pH 
 mS cm-1  
1 39.34 8.5 
2 25.47 8.3 
3 15 7.8 
4 16.52 7.7 
5 29.52 10.3 
 
Prior to analyzing the effectiveness of amendments on the two soils in question, a 
thorough characterization of the soils was conducted (Table 3-2). Both soils were saline-
sodic, and the clay fraction was dominated by montmorillonite clay (raw data is listed in 
Tables A-1 to A-4). The Desilt soil had a clay texture and the Conglomerate had a sandy-
clay loam texture.  
Table 3-2: Desilt and Conglomerate soil characterization. Soil pH and electrical 
conductivity (ECe) determined from a soil-paste extract using double-deionized water. 
Cation exchange capacity (CEC) determined by flushing exchange sites with NH4+ 
followed by KCl. Texture measured by hydrometer. ESP calculated after flushing 
exchange sites with NH4+. Total organic carbon (TOC) and inorganic carbon (IC) 
determined by combustion. 
 Units Conglomerate Desilt 
pH  7.8 7.7 
ECe mS cm-1 15.4 8.9 
CEC cmolc kg-1 13.8 30.5 
Texture  Sandy-clay Loam Clay 
ESP % 22.9 26.0 
TOC % 0.3 0.9 
IC % 0.6 1.7 
Dominant Clay 
  





Gypsum, sulfuric acid, biochar, activated carbon, and combinations of the four 
amendments were used in this research. Amendment rates of gypsum and sulfuric acid 
were calculated from exchangeable sodium percentage (ESP) values. Equation 1 was 
applied to determine the gypsum concentration for the research soils. 
GR = [(CEC * ESPi) - (CEC * ESPf) * 3.85 * 1.25] /40 (1) 
Where GR is the gypsum requirement in grams of gypsum per 100 grams of soil, ESPi is 
the initial ESP of the soil, ESPf is the desired ESP of the soil (10%), 3.85 is the 
conversion of Na to Ca, and 1.25 represents the inefficiencies in replacement of calcium 
by sodium (James, Hanks, and Jurinak 1982). The other values convert kilograms of 
gypsum per hectare to grams of gypsum per 100 grams of soil. Amounts of gypsum 
calculated for the Desilt and Conglomerate soils are listed in Table 3-3. 
A sulfuric acid amendment amount was calculated using equation 2. 
SR = (GR*2000)/136.141)  (2) 
Where SR is the sulfuric acid requirement in ml of sulfuric acid per 100 grams of soil. 
GR is the gypsum requirement in grams of gypsum per 100 grams of soil, 136.141 
converts GR to mols per gram, 2000 converts mols per gram to ml of sulfuric acid. 




Table 3-3: Amendment amounts added to the Desilt and Conglomerate soils. Gypsum 
requirement (GR) and sulfuric acid requirement (SR) equations used to determine 
amounts of gypsum and sulfuric acid. 
  GR SR Carbon Treatments 
Units 
g gypsum/ 
100 g soil 
ml sulfuric acid/  
100 g soil 
g of Biochar and activated carbon/ 
100 g soil 
Desilt 0.56 8.4 2 
Conglomerate 0.17 2.5 2 
 
Combinations of the Desilt soil, Conglomerate soil, and amendments used in this 
research are listed in Table 3-4. Gypsum and sulfuric acid amounts were determined from 
the exchangeable sodium percentage (ESP) using the gypsum requirement (GR) and 
sulfuric acid ratio (SR) equations (equation 1 and equation 2, respectively). Activated 
carbon and Biochar were added at 2% by weight to adequately improve soil quality and 
discern significant differences in the soil. Soil and amendment combinations were mixed 





Table 3-4: Soil and amendment combinations. 
Desilt  Conglomerate 
Control Control 
Gypsum Gypsum 
Gypsum + Biochar Gypsum + Biochar 
Gypsum + Activated Carbon Gypsum + Activated Carbon 
Sulfuric Acid Sulfuric Acid 
Sulfuric Acid + Activated 
 
Sulfuric Acid + Activated 
 
Sulfuric Acid + Biochar Sulfuric Acid + Biochar 
Activated Carbon Activated Carbon 
Biochar Biochar 
ImageJ Analyses 
For this study, we implemented ImageJ to measure surface area of lab-formed crusts. 
ImageJ, an open-source image processing software, allows users to process, manipulate, 
and analyze images. This software was created by the National Institutes of Health (NIH) 
by Wayne Rasband and modified by other programming collaborators for analyzing 
scientific images (Schneider et al. 2012). Images are uploaded into the software. Images, 
which are combinations of hundreds of individually colored pixels, can be modified or 
altered by the user. This can aid in making measurements of parts of the image for 
scientific analysis. 
Crust Bulk Density 
We compared a modified crust bulk density method to the clod density method (Klute 
1965). Prior to measuring density, crusts were created in-lab from the soil and 
amendment combinations listed in Table 3-4. 100 grams of the soil and amendment 




slurry was created. The slurry was poured into a plastic 4”x4”x2” container painted 
black. In preliminary tests black matt boxes were most effective at showing non-crust 
areas in images taken from the above the crust surface. The slurry was dried down at 
room temperature. Once the crusts were completely dried (determined by mass), density 
was calculated. 
Once crusts had completely dried (determined by weight) crust bulk density was 
calculated using the clod method (Klute 1965). Raw data is listed in Table A-15. 
The clod method was compared to our crust bulk density ImageJ method. ImageJ 
was used to measure surface area of crust images obtained from lab-formed crusts. 
Images were taken from the surface of the soil and amendment crusts after they had 
completely dried down. A Sony DSC-W310 with a 12.1-megapixel resolution digital 
camera was used to take images and the flash was used to achieve consistency in lighting. 
We used a ruler in each image as a unit reference. The weight and height, in cm, were 
measured as well. The weight and height measurements, along with surface area obtained 
using ImageJ, were used to calculate density. Raw data is listed in Table A-16. Density 
was calculated using equation 3. 
Density = [(Msc – Mc) / VIJ]  (3)  
Where Msc is the mass of the soil and amendment combination with the container. Mc is 
the weight of the container when empty; the container weight was between 12.5 to 13 





VIJ = AIJ * CH  (4) 
Where VIJ is volume in cm3, AIJ is the crust area calculated from ImageJ in cm2, and CH 
is the crust height in cm. 
Images had constant pixel size and pixel density. One of three methods was 
applied to determine area of each crust using ImageJ. Method 1: ImageJ has a binary 
feature, allowing individual pixels in an image to be converted to either black or white. A 
threshold is established within ImageJ, and colors above the threshold are converted to 
white. Colors below the threshold are converted to black. This threshold can be altered by 
the user. Black pixels are counted by the ImageJ software. This allows an area to be 
calculated by converting pixels to a reference of length. Images were converted to binary 
and area was calculated by converting pixel counts to cm2 using the scalar ruler in each 
image. (Figures 3-1, 3-2). Method 2: Images were enhanced using brightness and contrast 
features and selections were made of crust peds using the wand or tracing tool. Selected 
crust ped pixels were counted using ImageJ software, and these were converted to a cm2 
area using the scalar ruler in the image (Figures 3-3 to 3-5). Method 3: Non-crust areas 
were enhanced by hand-tracing around crust peds and blacking out non-crust areas. Crust 
peds were selected using the wand or tracing tool and converted to cm2 using the scalar 





Figure 3-1: ImageJ soil crusting analysis method 1. Original Image Example 
  
 
Figure 3-2: Binary image converted from original. Black pixels are counted, and using a 

























Figure 3-6: ImageJ soil crusting analysis method 3. Original image example with 












Figure 3-8: Example of wand tracing tool used to select peds and count pixels within the 




Linear Extensibility Percent 
The linear extensibility percent (LEP) method is calculated from crust peds at 10 kPa to 
33 kPa water content. These two kPa pressures represent field capacity (FC, at 10 kPa) 
and permanent wilting point (PWP, at 33 kPa). Between FC and PWP is the plant 
available water (PAW). Shrink-swell potential is important to note at PAW because land 
managers work to keep soils at the PAW range. The Desilt and Conglomerate soils had 
different textures, and volumetric water contents that correlated with PAW were different 
for each. We calculated LEP for soil crusts at volumetric water contents for FC and PWP. 
Volumetric water content for the Desilt soil, which was a clay texture, was around 44.1 
m3 m-3 at FC and 29.6 m3 m-3 at PWP. The Conglomerate soil had a sandy clay loam 
texture, and volumetric water content was around 33.9 m3 m-3 at FC and 19.8 m3 m-3 at 
PWP (Rab et al. 2011). Crusts were formed in-lab as discussed under the crust bulk 
density section above. As the crusts were drying down, images, crust heights, and crust 
masses were taken at twelve-hour intervals. Crust masses were calculated by taking the 
mass of the crust in the container and subtracting out the container weight; the container 
weight was between 12.5 to 13 grams. The twelve-hour time periods with volumetric 
water contents closest to FC and PWP were used to calculate LEP. Raw data is listed in 
Tables A-19 through A-22. Volumetric water content (Ɵv)was calculated using equation 
5. 
Ɵv = Ɵg * BD  (5) 




in g3 g-3, and BD is the crust bulk density in g cm-3. Gravimetric water content was 
calculated using equation 6 and crust bulk density was calculated using equation 7. 
Ɵg = (MM – MD) / MD  (6) 
Where Ɵg is gravimetric water content in g3 g-3, MM is the mass of the moist crust in 
grams, MD is the mass of the crust after it had completely dried in grams. 
Density = [MT – MC)] / VIJ  (7) 
Where MT is the combined weight of the container and moist soil in grams taken at the 
twelve-hour time interval and MC is the mass of the empty plastic container in grams 
(12.5 to 13 grams). VIJ is the surface area of the soil crust in cm3 calculated from ImageJ 
data using equation 8. 
VIJ = AIJ * CH  (8) 
Where VIJ is volume in cm3, AIJ is area calculated from ImageJ in cm2, and CH is the 
crust height in cm. 
One ped from each soil and amendment replicate was selected to be analyzed 
using the linear extensibility percent (LEP) method. We measured area and length of the 
ped using ImageJ. A preliminary analysis determined that modifying the original 
equation for LEP gave similar results when calculating LEP using surface area instead of 
length. Equation 9 is the original LEP equation used for crust ped length and equation 10 




Original LEP = 100 * [(ML – DL) / DL]  (9) 
Where ML is the length in cm of the crust ped at the twelve-hour time period with a 
volumetric water content closest to FC or PWP, and DL is the length in cm of the same 
crust ped at complete dry down. Raw data used to obtain original LEP for the Desilt and 
Conglomerate soils is listed in Tables A-17 and A-18. 
Modified LEP = 100 * [(MA – DA) / (DA * 2)] (10) 
Where MA is the surface area in cm3 of the crust ped at the twelve-hour time period with 
a volumetric water content closest to FC or PWP. Surface area of the crust ped was 
calculated using ImageJ methods discussed in the crust bulk density section above. DA is 
the surface area in cm3 of the crust ped at complete dry down also calculated using 
ImageJ methods. Raw data used to obtain modified LEP for the Desilt and Conglomerate 
soils is listed in Tables A-19 through A-22. 
Statistical Analysis 
To compare our modified density calculation and modified LEP equation to the 
original clod method and LEP method, we applied a correlation coefficient. If the 
correlation coefficient was below 70% between the new and original methods, we 
decided that there was no correlation between the methods and our new method did not 
accurately calculate crust bulk density or LEP. Correlation coefficients comparing two 
methods between 70 and 85% were considered moderately correlated, and coefficients 




correlation and we considered our new methods for crust bulk density and LEP to be an 
accurate way to measure crust bulk density or LEP.  
Results and Discussion 
Our goal was to analyze if ImageJ could effectively measure surface area of lab-formed 
crusts to aid in measuring crust bulk density and linear extensibility percent (LEP). We 
compared the clod wax density method to the ImageJ density method. The Desilt crust 
bulk density correlation coefficient was 0.805 (Table 3-5). The Conglomerate crust bulk 





Table 3-5: Correlation coefficient and crust bulk density results for the Desilt soil.   






  Units g/cm2  g/cm2 %  
Desilt         
  Control 1.90 1.77 
0.805 
  Biochar 1.97 1.71 
  Activated Carbon 1.71 1.72 
  Gypsum 1.91 1.83 
  Gypsum + Biochar 1.76 1.80 
  Gypsum + Activated Carbon 1.83 1.77 
  Sulfuric Acid 1.94 1.75 
  Sulfuric Acid + Biochar 1.57 1.42 




Table 3-6: Correlation coefficient (Corr. Coeff.) and crust bulk density results for the 
Conglomerate soil.   






  Units g/cm2 g/cm2 % 
Conglomerate      
  Control 1.57 1.29 
0.315 
  Biochar 1.48 1.39 
  Activated Carbon 1.47 1.35 
  Gypsum 1.61 1.41 
  Gypsum + Biochar 1.61 1.37 
  
Gypsum + Activated 
Carbon 1.59 1.37 
  Sulfuric Acid 1.69 1.54 
  Sulfuric Acid + Biochar 1.32 1.43 
  
Sulfuric Acid + Activated 





Additionally, we compared our modified ImageJ LEP method to the LEP method 
at approximately field capacity (FC) and permanent wilting point (PWP) for the Desilt 
and Conglomerate soils. The Desilt crust LEP correlation coefficient was 0.964 at FC and 
.906 at PWP indicating a strong correlation between the modified LEP and original LEP 
for the desilt soil (Table 3-7). The Conglomerate crust LEP correlation coefficient was 
0.782 at FC and 0.810 at PWP indicating a moderate correlation between the original and 





Table 3-7: Correlation coefficient (Corr. Coef.) and linear extensibility percent (LEP) 














Units %  %   
Field Capacity      
Activated Carbon 8.25 High 9.40 Very High 
0.964 
Biochar 7.21 High 8.25 High 
Control 4.48 Moderate 4.27 Moderate 
Gypsum + Activated Carbon 5.19 Moderate 5.32 Moderate 
Gypsum + Biochar 7.16 High 6.87 High 
Gypsum 4.54 Moderate 4.61 Moderate 
Sulfuric Acid + Activated 
Carbon 9.50 Very High 8.46 High 
Sulfuric Acid + Biochar 14.40 Very High 14.80 Very High 
Sulfuric Acid 10.24 Very High 12.53 Very High 
Permanent Wilting Point      
Activated Carbon 4.54 Moderate 4.90 Moderate 
0.906 
Biochar 3.30 Moderate 3.83 Moderate 
Control 1.22 Low 1.04 Low 
Gypsum + Activated Carbon 1.88 Low 2.46 Low 
Gypsum + Biochar 1.90 Low 1.71 Low 
Gypsum 0.90 Low 0.65 Low 
Sulfuric Acid+Activated Carbon 3.40 Moderate 2.36 Low 
Sulfuric Acid + Biochar 7.44 High 6.38 High 






Table 3-8: Correlation Coefficient (Corr. Coeff.) and linear extensibility percent) LEP 















 %  %   
Field Capacity      
Activated Carbon 3.62 Moderate 3.25 Moderate 
0.782 
Biochar 3.59 Moderate 3.08 Moderate 
Control 6.06 High 4.42 Moderate 
Gypsum + Activated Carbon 1.97 Low 2.10 Low 
Gypsum + Biochar 2.77 Low 2.51 Low 
Gypsum 3.24 Moderate 4.79 Moderate 
Sulfuric Acid + Activated Carbon 2.11 Low 1.54 Low 
Sulfuric Acid + Biochar 2.30 Low 1.45 Low 
Sulfuric Acid 5.05 Moderate 4.17 Moderate 
Permanent Wilting Point      
Activated Carbon 2.87 Low 2.45 Low 
0.851 
Biochar 2.56 Low 2.35 Low 
Control 5.10 Moderate 3.18 Moderate 
Gypsum + Activated Carbon 1.77 Low 2.01 Low 
Gypsum + Biochar 2.58 Low 2.15 Low 
Gypsum 2.07 Low 2.34 Low 
Sulfuric Acid + Activated Carbon 1.77 Low 1.15 Low 
Sulfuric Acid + Biochar 1.02 High 0.87 High 
Sulfuric Acid 2.53 Low 1.76 Low 
 
ImageJ was ineffective at aiding in calculating crust bulk density for several 
reasons. The carbon amendments, biochar and activated carbon, were hydrophobic and 
usually deposited on the surface of the crusts. Patches of dark carbon from the activated 
carbon or Biochar on the surface of the crusts made differentiating between crust and 




container well; the image binarization method was not able to be applied to most of the 
Desilt crusts and the second ImageJ method was required. Measuring surface area and 
crust bulk density was more efficient for the Desilt soil than it was for the Conglomerate 
soil. Conglomerate soil crusts had less separation between crust peds due to a lower clay 
content in the Conglomerate than the Desilt soil. Less separation of crust peds made the 
binarization method ineffective. The second method–applying brightness and contrast 
adjustments and hand-selecting peds–was still able to be used on some Conglomerate 
crusts that had limited separation between peds. Most Conglomerate crusts had excessive 
salts deposited on the surface (Figure 3-9). These salts formed in patterns that made it 
hard to differentiate between crust and non-crust areas using the first or second method, 
and the third method was required to determine surface area. The Conglomerate soil also 
had higher crust curling. This was caused by particle size segregation as dispersed clays 
generally stayed at the surface while other heavier particles sifted down as the crusts 
formed. As the crusts dried, the upper part of the crusts containing higher concentrations 
of clays pulled the crust upward on the edges, causing curling as the crusts inhibited 
shrink-swell behavior common in sodic soils. Images taken of the top of the crust did not 
accurately represent surface area of the crust because of the shrinking and curling (Figure 
3-10). The clod wax density method was challenging to apply to sodic soils with salt 
formation on the surface; as crusts with surface salts were dipped in wax, a tight seal was 
unable to be created as air pockets caused by the salts formed. This could have increased 
the disparity between the clod and ImageJ methods. Another method might be required to 





Figure 3-9: Example of salts that formed on the surface of a ped. 
 




Some of the problems associated with using ImageJ to calculate crust bulk density 
could have been prevented by improving the lab-formed crusts. Saline-sodic soils, 
however, commonly have high shrink-swell and excessive surface salt formation and 
would be inaccurately measured even with improvement of lab formed crusts. Measuring 
crust bulk density using our modified ImageJ method is not recommended as an effective 
way to measure crust bulk density for sodic soils.  
The modified LEP calculation correlated well with the original LEP calculation. 
The original LEP equation is quite simple; modifying the method by taking an image of 
the surface of the crust to calculate LEP using area rather than measuring length does add 
one more step to the process. Modifying the process, however, does allow LEP to be 
measured at multiple moisture points. It also provides a way to automate the process, 
allowing multiple crust LEP measurements to be taken and analyzed together. However, 
unless the weighing and picture-taking part of the process is more automated, the 
modified linear extensibility method is not recommended as it does increase analysis 
time. 
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CHAPTER 4  
SUMMARY AN 
D CONCLUSIONS 
We analyzed the effectiveness of eight different amendment combinations in improving 
percent dispersion, saturated hydraulic conductivity rates, surface crust bulk density, and 
infiltration flux of two saline-sodic soils. We used x-ray diffraction, scanning electron 
microscopy, energy dispersive x-ray spectroscopy, standing column hydraulic 
conductivity, trickle irrigation method for infiltration, image manipulation for density, 
and double hydrometer for percent dispersion to analyze the soils. Both the sandy-loam 
Conglomerate and clay Desilt sediments were dominated by montmorillonite clays. The 
double-hydrometer test, which determines percent dispersion, was not informative about 
the impact of dispersion for the Desilt and Conglomerate soils. Gypsum reduced the 
quality of the soil by increasing density and decreasing saturated hydraulic conductivity 
and infiltration. It also precipitated out of solution and formed crystals on the surface of 
soil peds. Sulfuric acid increased infiltration and saturated hydraulic conductivity while 
decreasing density. Sulfuric acid reacted with sodium in solution and formed sulfur-sodic 
salts that surfaced and formed crystals at ped surfaces. Biochar was not consistent across 
all methods, but generally improved soil quality. 
We created two new methods – an ImageJ crust bulk density method and a 
modified linear extensibility percent method. The ImageJ crust bulk density method was 
ineffective at calculating crust bulk density of the Desilt and Conglomerate soil. The 




was efficient, and the modified linear extensibility percent method increased analysis 
time. Both novel methods are therefore not recommended.  
We recommend that land managers and stakeholders in the intermountain west do 
not use gypsum in calcareous soils as it will only increase problems associated with 
sodicity. Sulfuric acid, which replaces sodium with calcium in calcareous soils should be 
applied in place of gypsum. Carbon treatments require further testing to determine if they 
will be effective in improving reclamation efforts. Future studies should include field 






Table A-1: Raw data output from x-ray diffraction (XRD) analysis for clay slides treated 
with KCl and baked at 300° C. D-spacing refers to the distance between two adjacent 
clay layers. Rel. Int. refers to the relative intensity of the d-spacing peak. The highest 
intensity peak is given 100% intensity and all other peaks are given intensities as a ratio 
percentage compared to the highest peak intensity. 7.1 to 7.3 Å d-spacing correlates with 
illite and kaolinite clays. Illite and kaolinite clay peak d-spacing and relative intensity are 
colored in grey. Second-order spacings (half the size of first-order spacings) are also 























Table A-2: Raw data output from x-ray diffraction (XRD) analysis for clay slides treated 
with KCl and baked at 500° C. D-spacing refers to the distance between two adjacent 
clay layers. Rel. Int. refers to the relative intensity of the d-spacing peak. The highest 
intensity peak is given 100% intensity and all other peaks are given intensities as a ratio 
percentage compared to the highest peak intensity. 500° C KCl slide determines if clay 
on slides from Table A-1 is kaolinite or illite. A 10 Å d-spacing correlates with illite clay. 
Illite clay peak d-spacing and relative intensity are colored in grey. Second-order 



















Table A-3: Raw data output from the x-ray diffraction (XRD) analysis for clay slides 
treated with MgCl2. D-spacing refers to the distance between two adjacent clay layers. 
Rel. Int. refers to the relative intensity of the d-spacing peak. The highest intensity peak is 
given 100% intensity and all other peaks are given intensities as a ratio percentage 
compared to the highest peak intensity. 14-16 Å d-spacing peak associated with smectite 
minerals. Smectite clay peak d-spacing and relative intensity are colored in grey. Second-





























Table A-4: Raw data output from the x-ray diffraction (XRD) analysis for clay slides 
treated with MgCl2 and a 1:7 glycol mist spray. D-spacing refers to the distance between 
two adjacent clay layers. Rel. Int. refers to the relative intensity of the d-spacing peak. 
The highest intensity peak is given 100% intensity and all other peaks are given 
intensities as a ratio percentage compared to the highest peak intensity. The slide treated 
with MgCl2 and a 1:7 glycol mist spray determines if clay on slides from Table A-3 has 
montmorillonite. 17-18 Å d-spacing peak associated in table 1-4 with montmorillonite 
minerals. Illite clay peak d-spacing and relative intensity are colored in grey. Second-




























Table A-5: Desilt soil raw data from the Hydrometer Particle Size Calculator used to 
calculate percent dispersion. Percent dispersion was measured in triplicate for each 
amendment combination. Bottle A is the graduated cylinder containing the amendment 
and soil combination without sodium hexametaphosphate, and bottle B is the 
combination that does contain sodium hexametaphosphate. Pa is the percent of particles 
still in solution with effective diameters (ED) just above 5 µm, and Pb is the next percent 
particles still in solution measured at the time interval following Pa. Both Pa, Pb, and ED 
were used to calculate percent dispersion. 
Amendment Rep Bottle #   P ED 
    % µm 
Control 1 A Pa 23.8 5.32 
   Pb 17.5  
  B Pa 91.3 5.82 
   Pb 90  
 2 A Pa 22.5 5.34 
   Pb 15  
  B Pa 97.5 5.79 
   Pb 95  
 3 A Pa 27.5 5.28 
   Pb 18.8  
  B Pa 88.8 5.86 













Gypsum 1 A Pa 2.5 5.57 
   Pb 2.5  
  B Pa 92.5 5.79 
   Pb 91.3  
 2 A Pa 2.5 5.57 
   Pb 1.3  
  B Pa 92.5 5.79 
   Pb 90  
 3 A Pa 2.5 4.82 
   Pb 1.3  
  B Pa 95 5.74 
   Pb 91.3  
Gypsum + Biochar 1 A Pa 3.8 5.55 
  Pb 3.8  
 B Pa 91.3 6.01 




Amendment Rep Bottle #   P ED 
    % µm 
Gypsum + Biochar Cont. 2 A Pa 3.8 5.55 
   Pb 3.8  
  B Pa 91.3 6.01 
   Pb 87.5  
  3 A Pa 2.5 5.57 
   Pb 2.5  
  B Pa 90 6.04 
   Pb 88.8  
Gypsum + Activated 
Carbon 
1 A Pa 2.5 5.57 
  Pb 2.5  
 
 B Pa 85 6.03 
  Pb 82.5  
2 A Pa 2.5 5.57 
  Pb 2.5  
 B Pa 85 6.03 
  Pb 82.5  
3 A Pa 2.5 5.57 
   Pb 2.5  
  B Pa 85 6.03 
   Pb 81.3  
Biochar 1 A Pa 7.5 6.83 
   Pb 3.8  
  B Pa 78.8 5.07 
   Pb 77.5  
 2 A Pa 5 5.60 
   Pb 2.5  
  B Pa 86.3 6.08 
   Pb 85  
 3 A Pa 3.8 5.62 
   Pb 2.5  
  B Pa 91.3 5.98 
   Pb 90  
Activated Carbon 1 A Pa 18.8 5.38 
   Pb 17.5  
 
 
 B Pa 95 5.84 
  Pb 91.3  
 2 A Pa 17.5 5.39 
   Pb 15  
  B Pa 93.8 5.86 




Amendment Rep Bottle #   P ED 
    % µm 
Activated Carbon 3 A Pa 12.5 5.45 
   Pb 11.3  
  B Pa 93.8 5.86 
   Pb 91.3  
Sulfuric Acid + Activated 
Carbon 
1 A Pa 1.3 5.65 
  Pb 0.6  
  B Pa 92.5 6.11   Pb 90  










 B Pa 91.3 6.13 







3 A Pa 1.3 5.65 
  Pb 0.6  
 B Pa 91.3 5.01 
  Pb 88.8  
Sulfuric Acid 
 
1 A Pa 2.5 5.57 





 B Pa 87.5 6.13 
  Pb 85  
2 A Pa 1.3 5.58 






    
 
 
 B Pa 93.8 6.01 
  Pb 92.5  
3 A Pa 1.3 5.58 
  Pb 1.3  
 
 





 B Pa 90 6.08 
   Pb 90  
Sulfuric Acid + Biochar 1 A Pa 1.3 5.58 





 B Pa 93.8 6.01 
  Pb 90  
2 A Pa 1.3 5.58 
  Pb 1.3  
 
 
 B Pa 91.3 6.06 
  Pb 88.8  
 3 A Pa 1.3 5.58 
   Pb 1.3  
  B Pa 93.8 6.01 




Table A-6: Conglomerate soil raw data from the Hydrometer Particle Size Calculator 
used to calculate percent dispersion. Percent dispersion was measured in triplicate for 
each amendment combination. Bottle A is the graduated cylinder containing the 
amendment and soil combination without sodium hexametaphosphate, and bottle B is the 
combination that does contain sodium hexametaphosphate. Pa is the percent of particles 
still in solution with effective diameters (ED) just above 5 µm, and Pb is the next percent 
particles still in solution measured at the time interval following Pa. Both Pa, Pb, and ED 
were used to calculate percent dispersion.  
Amendment Rep # Bottle    P ED 
    % µm 
Control 1 A Pa 12.5 5.45 
   Pb 12.5  
 
 B Pa 30 5.05 
   Pb 27.5  
 2 A Pa 12.5 5.45 
   Pb 12.5  
 
 B Pa 30 5.05 
   Pb 27.5  
 3 A Pa 13.8 5.44 
   Pb 12.5  
 
 B Pa 30 5.05 
   Pb 27.5  
Gypsum 1 A Pa 12.5 5.45 
   Pb 11.3  
 
 B Pa 28.8 5.07 
   Pb 26.3  
 2 A Pa 13.1 5.44 
   Pb 11.9  
 
 B Pa 30 5.05 
   Pb 27.5  
 3 A Pa 13.8 5.44 
   Pb 12.5  
 
 B Pa 30 5.05 
   Pb 26.3  
Gypsum + Biochar 1 A Pa 12.5 5.45 
   Pb 10  
 
 B Pa 27.5 5.08 
   Pb 26.3  




Amendment Rep # Bottle   P ED 
    % µm 
Gypsum + Biochar Cont.   Pb 10   
 B Pa 30 5.05  
 
 Pb 26.3   
3 A Pa 11.3 5.47 
     Pb 8.8   
  B Pa 28.8 5.07 
   Pb 26.3  
Gypsum + Activated Carbon 1 A Pa 11.3 5.47  
  Pb 10  
 
 
 B Pa 28.8 5.07 
  Pb 26.3   
2 A Pa 12.5 5.45  
  Pb 11.3    B Pa 28.8 5.07  
  Pb 26.3   
3 A Pa 13.8 5.44  
  Pb 12.5    B Pa 30 5.05  
  Pb 26.3  
Biochar 1 A Pa 12.5 5.45  
  Pb 11.3    B Pa 27.5 5.08  
  Pb 26.3   
2 A Pa 11.3 5.47  
  Pb 10    B Pa 27.5 5.08  
  Pb 26.3   
3 A Pa 12.5 5.45  
  Pb 11.3    B Pa 27.5 5.08  
  Pb 26.3  
Activated Carbon 1 A Pa 13.8 5.44  
  Pb 12.5    B Pa 28.8 5.07  
  Pb 25   
2 A Pa 12.5 5.45  
  Pb 11.3    B Pa 27.5 5.08  
  Pb 22.5   




Amendment Rep # Bottle    P ED 
    % µm  
  Pb 12.5    B Pa 27.5 5.08 
     Pb 22.5   
Sulfuric Acid + Activated 
Carbon 
1 A Pa 15 5.42 
 
 Pb 13.8  
 
 
 B Pa 28.8 5.07 
 
 Pb 25   
2 A Pa 15 5.42  
 
 Pb 12.5    B Pa 28.8 5.07  
 
 Pb 25   
3 A Pa 13.8 5.44  
 
 Pb 8.8    B Pa 27.5 5.08  
 
 Pb 25  
Sulfuric Acid 1 A Pa 10 5.48  
 
 Pb 10    B Pa 27.5 5.08  
 
 Pb 26.3   
2 A Pa 10 5.48  
 
 Pb 10    B Pa 30 5.05  
 
 Pb 26.3   
3 A Pa 10 5.48  
 
 Pb 10    B Pa 30 5.05  
 
 Pb 26.3  
Sulfuric Acid + Biochar 1 A Pa 13.75 5.44  
 
 Pb 12.5  
 
 
 B Pa 30 5.05 
 
 Pb 26.25   
2 A Pa 12.5 5.45  
 
 Pb 11.25    B Pa 30 5.05  
 
 Pb 26.25   
3 A Pa 12.5 5.45  
 
 Pb 11.25    B Pa 27.5 5.08 
     Pb 26.25   




Table A-7: Desilt saturated hydraulic conductivity (Ks) raw data. Jw is flux measured 
after outflow (in ml/day) from standing columns had reached steady state. Outflow is 
converted to flux by dividing outflow by area of the column (19.63 cm2). Δz is the height 
of the column. ΔΨh is hydraulic potential.  
Amendment Rep Jw Δz ΔΨh  
  cm/day cm cm 
Activated Carbon 1 0.082 7 -46.04 
2 0.057 7 -45.09 
3 0.071 7 -45.09 
Biochar 1 0.078 7 -43.02 
2 0.102 7 -42.55 
3 0.088 7 -41.91 
Control 1 0.039 7 -36.20 
2 0.054 7 -44.13 
3 0.047 7 -44.13 
Gypsum+Activated Carbon 1 0.090 7 -44.45 
2 0.099 7 -41.91 
3 0.100 7 -46.99 
Gypsum+Biochar 1 0.071 7 -44.45 
2 0.067 7 -41.91 
3 0.077 7 -46.99 
Gypsum 1 0.068 7 -44.45 
2 0.068 7 -41.91 
3 0.076 7 -46.99 
Sulfuric Acid+Activated 
Carbon 
1 0.202 7 -66.00 
2 0.162 7 -75.57 
3 0.258 7 -73.66 
Sulfuric Acid+Biochar 1 0.137 7 -79.40 
2 0.134 7 -72.40 
3 0.188 7 -80.65 
Sulfuric Acid 1 0.240 7 -77.00 
2 0.242 7 -80.00 






Table A-8: Conglomerate saturated hydraulic conductivity (Ks) raw data. Jw is flux 
measured after outflow (in ml/day) from standing columns had reached steady state. 
Outflow is converted to flux by dividing outflow by area of the column (19.63 cm2). Δz is 
the height of the column. ΔΨh is hydraulic potential. 
Amendment Rep Jw Δz ΔΨh  
  cm/day cm cm 
Activated Carbon 1 0.120 4.5 -80.65 
2 0.211 4 -75.00 
3 0.124 4.5 -77.47 
Biochar 1 0.189 4 -80.65 
2 0.160 4 -90.00 
3 0.208 4 -90.00 
Control 1 0.138 7 -79.38 
2 0.123 7 -77.47 
3 0.148 7 -85.99 
Gypsum+Activated Carbon 1 0.255 4 -77.47 
2 0.044 4.5 -79.38 
3 0.200 4 -90.00 
Gypsum+Biochar 1 0.244 3.5 -79.38 
2 0.304 4 -90.00 
3 0.183 4 -73.66 
Gypsum 1 0.184 4 -80.65 
2 0.504 4 -79.38 
3 0.223 4 -77.47 
Sulfuric Acid+Activated 
Carbon 
1 0.282 4.5 -73.66 
2 3.720 3.9 -73.66 
3 4.562 4 -80.01 
Sulfuric Acid+Biochar 1 0.224 4 -72.39 
2 0.333 4 -90.00 
3 0.359 3.5 -75.57 
Sulfuric Acid 1 3.754 7 -90.00 
2 8.063 4 -76.20 






Table A-9: Desilt ImageJ short-term crust bulk density raw data (pre-saturated hydraulic 
conductivity (Ks)). Density calculated by dividing crust mass by volume (calculated by 
multiplying crust height by surface area). Surface area was determined using ImageJ.  
Amendment Rep Mass Crust Height 
Surface 
Area 
    grams cm cm2 
Activated Carbon 1 99.4 46.091 1.15 
2 98.9 46.64 1.15 
3 98.1 45.166 1.1 
Biochar 1 99.9 45.793 1.1 
2 98.8 45.697 1.15 
3 97.8 46.958 1.1 
Control 1 102.3 44.374 1 
2 101.4 43.226 1.05 
3 101.1 45.202 1 
Gypsum+Activated Carbon 1 100.6 48.418 1.1 
2 101.4 45.728 1.1 
3 101 49.039 1.1 
Gypsum+Biochar 1 101.8 47.914 1.1 
2 116 45.669 1.35 
3 101 48.741 1.1 
Gypsum 1 102.7 42.168 1.05 
2 101.9 43.25 1 
3 103.2 42.391 1.05 
Sulfuric Acid+Activated 
Carbon 
1 101.7 48.478 1.05 
2 99.8 47.841 1.05 
3 101 48.017 1.05 
Sulfuric Acid+Biochar 1 101.3 53.782 1.05 
2 101 52.948 1 
3 101.4 51.428 1 
Sulfuric Acid 1 101.7 48.056 1 
2 102 49.883 1 






Table A-10: Conglomerate ImageJ short-term crust bulk density raw data (pre-saturated 
hydraulic conductivity (Ks)). Density calculated by dividing crust mass by volume 
(calculated by multiplying crust height by surface area). Surface area was determined 
using ImageJ.  
Amendment Rep Mass Crust Height 
Surface 
Area 
    grams cm cm2 
Activated Carbon 
1 97.6 81.216 0.75 
2 97.5 81.27 0.7 
3 97.6 81.599 0.8 
Biochar 
1 98.6 69.768 0.9 
2 98.1 71.259 0.9 
3 98.4 70.25 0.9 
Control 1 98.9 66.267 0.9 2 98.7 70.561 0.9 
 3 99.1 66.057 1 
Gypsum+Activated Carbon 
1 97.8 86.369 0.9 
2 97.8 76.034 0.9 
3 97.6 79.342 0.85 
Gypsum+Biochar 1 95.9 78.053 0.9 2 97.1 75.769 0.9 
 3 97.7 76.395 0.9 
Gypsum 1 98.7 80.566 0.8 2 98.6 79.253 0.8 
 3 98.5 80.412 0.8 
Sulfuric Acid+Activated 
Carbon 
1 97.4 82.158 0.85 
2 98.1 82.327 0.8 
 3 97.9 81.994 0.8 
Sulfuric Acid+Biochar 1 98 73.82 0.85 2 98.3 76.838 0.9 
 3 98.4 75.793 0.9 
Sulfuric Acid 
1 98.4 72.993 0.8 
2 98.4 72.868 0.8 






Table A-11: Desilt ImageJ long-term crust bulk density raw data (post-saturated 
hydraulic conductivity (Ks)). Density calculated by dividing crust mass by volume 
(calculated by multiplying crust height by surface area). Surface area was determined 
using ImageJ.  
Amendment Rep Mass Crust Height 
Surface 
Area 
    grams cm cm2 
Activated Carbon 1 98.1 51.253 1 
2 97.9 49.998 0.9 
3 98.9 51.803 0.9 
Biochar 1 97.6 50.2 1.1 
2 89.4 51 0.9 
3 N/A* N/A N/A 
Control 1 97.7 50.2 1 
2 96.3 47.786 1 
3 99 47.608 1 
Gypsum+Activated Carbon 1 98.7 52.108 0.9 
2 100.4 48.887 1 
3 99.6 48.948 0.95 
Gypsum+Biochar 1 99.5 49.417 1 
2 99.9 51.695 1 
3 99 49.883 1 
Gypsum 1 77.1 47.121 0.7 
2 75.8 46.303 0.7 
3 76.8 47.011 0.7 
Sulfuric Acid+Activated 
Carbon 
1 93.8 51.387 0.95 
2 95.5 52.698 0.9 
3 96.1 53.669 0.9 
Sulfuric Acid+Biochar 1 105.6 51.255 1.05 
2 96.7 49.428 0.9 
3 100.3 51.76 0.95 
Sulfuric Acid 1 96.5 53.917 0.9 
2 95.3 47.448 0.9 
3 100 50 0.95 






Table A-12: Conglomerate ImageJ long-term crust bulk density raw data (post-saturated 
hydraulic conductivity (Ks)). Density calculated by dividing crust mass by volume 
(calculated by multiplying crust height by surface area). Surface area was determined 
using ImageJ.  
Amendment Rep Mass Crust Height 
Surface 
Area 
    grams cm cm2 
Activated Carbon 
1 74.5 81.921 0.6 
2 78.5 77.245 0.6 
3 78.9 82.004 0.6 
Biochar 
1 78.5 73.165 0.7 
2 78 75.553 0.65 
3 73.8 75.852 0.65 
Control 
1 N/A* N/A N/A 
2 N/A N/A N/A 
3 N/A N/A N/A 
Gypsum+Activated Carbon 
1 74 72.818 0.7 
2 76.4 71.808 0.65 
3 74.7 72.667 0.8 
Gypsum+Biochar 
1 78.4 78.997 0.65 
2 70.3 72.981 0.65 
3 33.9 80.005 0.3 
Gypsum 
1 125.9 64.847 1.1 
2 62.3 76.47 0.45 
3 71.7 80.836 0.5 
Sulfuric Acid+Activated 
Carbon 
1 76.1 77.204 0.75 
2 73.9 71.601 0.7 
3 74.1 79.271 0.65 
Sulfuric Acid+Biochar 
1 77.6 79.497 0.7 
2 82.8 66.249 0.8 
3 78 77.153 0.65 
Sulfuric Acid 
1 110.9 75.966 0.95 
2 108.3 76.616 0.8 
3 113.6 67.598 1 
*Control crusts were not able to be analyzed. For statistical purposes, short-term 





Table A-13: Conglomerate infiltration flux raw data pre-saturated hydraulic conductivity 
(Ks) (short-term). Surface area of crust saturated by water measured using ImageJ. 























Sulfuric Acid+Biochar 9.749 
10.678 
8.327 










Table A-14: Conglomerate infiltration flux raw data post-saturated hydraulic conductivity 
(Ks) (long-term). Surface area of crust saturated by water measured using ImageJ. 
Discharge rate and surface area used to calculate infiltration flux. 
Amendment Area 
 cm2 

















Sulfuric Acid+Biochar 9.389 
8.479 
11.348 










Table A-15: Clod wax density raw data. Mass of displaced water in grams is equal to 









  g g 
Desilt    
 Control 38.9 22 
 Biochar 55.4 32.5 
 Activated Carbon 43.4 25.2 
 Gypsum 74.3 40.7 
 Gypsum + Biochar 48.1 26.8 
 Gypsum + Activated 
 
31.8 18 
 Sulfuric Acid 60.2 34.4 
 Sulfuric Acid + Biochar 46 32.4 
 Sulfuric Acid + Activated 
 
54.9 26.2 
Conglomerate   
 Control 44.1 34.2 
 Biochar 17.1 12.3 
 Activated Carbon 25 18.5 
 Gypsum 10.6 7.5 
 Gypsum + Biochar 39 28.4 
 Gypsum + Activated 
 
23.2 17 
 Sulfuric Acid 18.5 12 
 Sulfuric Acid + Biochar 19.7 13.8 







Table A-16: ImageJ density raw data for determining accuracy of the ImageJ density 
method. Mass and height of crusts measured in lab. Container weight has already been 
considered for crust mass. Volume approximated by multiplying crust height by ImageJ 








  g g cm2 
Desilt     
 Control 38.9 1.05 19.488 
 Biochar 55.4 1.15 24.503 
 Activated Carbon 43.4 1.1 23.101 
 Gypsum 74.3 1.1 35.285 
 Gypsum + Biochar 48.1 1.05 25.992 
 Gypsum + Activated 
 
31.8 0.95 18.332 
 Sulfuric Acid 60.2 0.95 32.7 
 Sulfuric Acid + Biochar 46 0.95 30.827 
 Sulfuric Acid + Activated 
 
54.9 1.1 24.15 
Conglomerate    
 Control 44.1 0.85 32.994 
 Biochar 17.1 0.85 13.572 
 Activated Carbon 25 0.75 22.674 
 Gypsum 10.6 0.7 9.38 
 Gypsum + Biochar 39 0.8 30.242 
 Gypsum + Activated 
 
23.2 0.8 18.217 
 Sulfuric Acid 18.5 0.75 14.564 
 Sulfuric Acid + Biochar 19.7 0.85 17.539 
  Sulfuric Acid + Activated 
 






Table A-17: Desilt raw data for calculating shrink-swell potential using the linear 
extensibility percent (LEP) equation at field capacity (FC) and permanent wilting point 








  cm cm cm 
Activated Carbon 1 5.49 5.26 5.003 
 2 7.53 7.31 7.095 
 3 7.62 7.37 7.001 
Biochar 1 8.95 8.33 7.931 
 2 6.66 6.44 6.268 
 3 4.48 4.47 4.376 
Control 1 6.12 6.03 5.963 
 2 5.21 5.04 4.951 
 3 5.64 5.38 5.342 
Gypsum + 
Activated Carbon 
1 4.21 2.68 5.513 
2 6.25 1.74 8.842 
 3 5.09 1.23 8.304 
Gypsum + Biochar 1 6.75 0.90 4.013 
 2 7.43 2.30 7.013 
 3 7.29 2.50 6.547 
Gypsum 1 3.55 0.02 6.485 
 2 4.09 0.39 5.621 
 3 5.99 2.31 2.773 
Sulfuric Acid + 
Activated Carbon 
1 6.38 3.95 5.825 
2 5.95 5.15 5.335 
 3 6.33 1.10 5.89 
Sulfuric Acid + 
Biochar 
1 14.06 4.09 3.77 
2 17.48 9.41 8.659 
 3 11.66 7.82 7.433 
Sulfuric Acid 1 4.99 4.79 4.683 
 2 4.84 4.79 4.287 






Table A-18: Conglomerate raw data for calculating shrink-swell potential using the linear 
extensibility percent (LEP) equation at field capacity (FC) and permanent wilting point 








  cm cm cm 
Activated Carbon 1 6.025 6.052 5.816 
 2 5.765 5.768 5.63 
 3 7.539 7.666 7.347 
Biochar 1 6.867 6.924 6.667 
 2 8.382 8.415 8.238 
 3 4.851 4.937 4.713 
Control 1 9.36 9.36 8.484 
 2 8.014 8.105 7.813 
 3 8.523 8.665 8.323 
Gypsum + Activated Carbon 1 8.479 8.508 8.325 
 2 8.328 8.349 8.256 
 3 6.553 6.553 6.387 
Gypsum + Biochar 1 5.889 5.922 5.806 
 2 5.469 5.469 5.324 
 3 8.915 8.915 8.607 
Gypsum 1 6.115 6.155 5.958 
 2 4.771 4.832 4.755 
 3 3.544 3.598 3.433 
Sulfuric Acid + Activated 
Carbon 
1 6.086 6.089 5.953 
2 8.285 8.335 8.179 
 3 6.993 7.016 6.87 
Sulfuric Acid + Biochar 1 5.534 5.615 5.469 
 2 9.791 9.882 9.716 
 3 8.96 9.085 8.862 
Sulfuric Acid 1 5.788 5.811 5.54 
 2 7.453 7.589 7.305 





Table A-19: Desilt field capacity (FC) raw data for calculating shrink-swell potential 
using the modified linear extensibility percent (LEP) equation which uses surface area of 
















  g cm cm2 g cm cm2 
Activated Carbon 1 113.3 1.2 32.75 99.4 1.15 27.67 
 2 112.9 1.15 27.39 98.9 1.15 24.06 
 3 111.8 1.15 32.43 98.1 1.1 26.11 
Biochar 1 114.4 1.15 27.55 99.1 1.1 21.24 
 2 111.7 1.2 35.80 98.8 1.15 30.16 
 3 111.9 1.1 13.31 97.8 1.1 12.37 
Control 1 111.8 1.1 20.59 101.4 1.05 19.69 
 2 111.1 1.15 21.92 101.1 1 19.48 
 3 110.8 1.05 16.77 102.3 1 15.45 
Gypsum + Activated 
Carbon 
1 108.6 1.2 8.84 100.6 1.1 8.26 
2 113.8 1.3 39.15 101 1.1 34.07 
 3 113.8 1.2 33.43 101.4 1.1 30.41 
Gypsum + Biochar 1 115.1 1.2 14.19 101.8 1.1 12.72 
 2 133.4 1.5 41.00 116 1.35 35.68 
 3 116.6 1.3 38.62 101 1.1 33.65 
Gypsum 1 109.1 1.1 26.66 101.6 1.05 24.52 
 2 111.7 1.2 32.36 101.9 1 29.48 
 3 113.2 1.2 30.05 103.2 1.05 27.51 
Sulfuric Acid + Activated 
Carbon 
1 111.4 1.05 9.19 101.7 1.05 8.14 
2 108.5 1.05 13.92 99.8 1.05 11.37 
 3 111.1 1.1 25.80 101 1.05 22.35 
Sulfuric Acid + Biochar 1 120.5 1.1 8.41 101.3 1.05 6.51 
 2 114.5 1 36.57 101 1 28.17 
 3 115.7 1.05 36.57 101.4 1 31.98 
Sulfuric Acid 1 113.4 1.2 39.33 101.7 1 9.49 
 2 106.8 1 11.72 102 1 9.18 






Table A-20: Conglomerate field capacity (FC) raw data for calculating shrink-swell 
potential using the modified linear extensibility percent (LEP) equation which uses 

















  g cm cm2 g cm cm2 
Activated Carbon 1 116.7 1.25 20.8
 
97.6 0.75 19.2
  2 114.2 1 22.0
 
97.5 0.7 21.2
  3 119 0.95 25.4
 
97.6 0.8 23.6
 Biochar 1 113.2 1 49.9
 
98.6 0.9 46.3
  2 112.1 1 44.9
 
98.1 0.9 43.0
  3 113.3 0.9 17.0
 
98.4 0.9 15.9
 Control 1 110.1 1 34.4
 
98.9 0.9 31.1
  2 117.6 0.9 32.8
 
98.7 0.9 30.8
  3 115 1 40.1
 
99.1 1 36.7
 Gypsum + Activated 
Carbon 
1 113.8 0.95 36.9
 
97.8 0.9 35.0
 2 114 1 45.6
 
97.8 0.9 45.1
  3 110.4 1 19.5
 
97.6 0.85 18.4
 Gypsum + Biochar 1 113 1.05 14.2
 
95.9 0.9 13.5
  2 107.9 0.95 13.9
 
97.1 0.9 13.2
  3 111.9 0.95 45.3
 
97.7 0.9 43.2
 Gypsum 1 111.4 0.85 17.7
 
98.7 0.8 16.3
  2 112.3 0.9 8.87 98.6 0.8 8.57 
 3 118.9 0.9 3.78 98.5 0.8 3.23 
Sulfuric Acid + Activated 
Carbon 
1 115.8 1 8.63 97.4 0.85 8.30 
2 110.7 1 29.3
 
98.1 0.8 28.8
  3 109.8 1 27.6
 
97.9 0.8 26.7
 Sulfuric Acid + Biochar 1 119.3 1 65.2
 
98 0.85 63.9
  2 121 1.1 60.9
 
98.3 0.9 59.1
  3 121.9 1.1 55.7
 
98.4 0.9 53.8
 Sulfuric Acid 1 113.1 1 28.9
 
98.4 0.8 26.7
  2 118.5 1 39.9
 
98.4 0.8 37.6









Table A-21: Desilt permanent wilting point (PWP) raw data for calculating shrink-swell 
potential using the modified linear extensibility percent (LEP) equation which uses 

















  g cm cm2 g cm cm2 
Activated Carbon 1 104 1.2 30.31 99.4 1.15 27.6
  2 103.8 1.15 25.52 98.9 1.15 24.0
  3 102.6 1.15 29.71 98.1 1.1 26.1
 Biochar 1 104.4 1.1 23.35 99.1 1.1 21.2
  2 103.5 1.15 32.02 98.8 1.15 30.1
  3 102.4 1.1 13.22 97.8 1.1 12.3
 Control 1 103.8 1.05 19.89 101.4 1.05 19.6
  2 103.4 1 20.24 101.1 1 19.4
  3 104.9 1 15.66 102.3 1 15.4
 Gypsum + Activated 
Carbon 
1 104.7 1.2 8.757 100.6 1.1 8.26 
2 104.9 1.1 36.62 101 1.1 34.0
  3 104.9 1.2 30.79 101.4 1.1 30.4
 Gypsum + Biochar 1 105.3 1.1 13.01 101.8 1.1 12.7
  2 121.6 1.35 37.17 116 1.35 35.6
  3 105.6 1.25 34.92 101 1.1 33.6
 Gypsum 1 103 1.05 24.89 101.6 1.05 24.5
  2 103.2 1 29.76 101.9 1 29.4
  3 105.6 1.1 27.92 103.2 1.05 27.5
 Sulfuric Acid + Activated 
Carbon 
1 104.7 1.05 8.308 101.7 1.05 8.14 
2 103.5 1.05 12.40 99.8 1.05 11.3
  3 103.9 1.1 23.03 101 1.05 22.3
 Sulfuric Acid + Biochar 1 107.7 1.05 7.498 101.3 1.05 6.51 
 2 104.4 1 31.8 101 1 28.1
  3 105.6 1.05 35.28 101.4 1 31.9
 Sulfuric Acid 1 104.9 1 9.812 101.7 1 9.49 
 2 104.7 1 10.67 102 1 9.18 







Table A-22: Conglomerate permanent wilting point (PWP) raw data for calculating 
shrink-swell potential using the modified linear extensibility percent (LEP) equation 

















  g cm cm2 g cm cm2 
Activated Carbon 1 111.2 1.1 20.67 97.6 0.75 19.2
  2 109.1 1 21.95 97.5 0.7 21.2
  3 106.9 0.9 24.63 97.6 0.8 23.6
 Biochar 1 104.8 1 48.87 98.6 0.9 46.3
  2 103.9 1 44.86 98.1 0.9 43.0
  3 104.9 0.9 16.68 98.4 0.9 15.9
 Control 1 110.1 1 34.42 98.9 0.9 31.1
  2 106.2 0.9 31.95 98.7 0.9 30.8
  3 106.3 1 38.52 99.1 1 36.7
 Gypsum + Activated 
Carbon 
1 111.4 0.95 36.81 97.8 0.9 35.0
 2 101.8 1 45.63 97.8 0.9 45.1
  3 110.4 1 19.59 97.6 0.85 18.4
 Gypsum + Biochar 1 107.6 1 13.92 95.9 0.9 13.5
  2 107.9 0.95 13.91 97.1 0.9 13.2
  3 111.9 0.95 45.37 97.7 0.9 43.2
 Gypsum 1 106.4 0.85 17.16 98.7 0.8 16.3
  2 102.7 0.8 8.589 98.6 0.8 8.57 
 3 108 0.9 3.517 98.5 0.8 3.23 
Sulfuric Acid + Activated 
Carbon 
1 108.6 1 8.57 97.4 0.85 8.30 
2 101.1 0.95 29.31 98.1 0.8 28.8
  3 101.2 0.9 27.31 97.9 0.8 26.7
 Sulfuric Acid + Biochar 1 109.1 1 64.95 98 0.85 63.9
  2 107.7 1.1 60.32 98.3 0.9 59.1
  3 107 1.1 54.66 98.4 0.9 53.8
 Sulfuric Acid 1 107.7 1 28.49 98.4 0.8 26.7
  2 108.5 0.95 38.4 98.4 0.8 37.6
  3 108.2 0.95 17.92 99 0.85 17.5
  
 
